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PREFACE
I n  t h i s  t h e s i s  a r e  d is c u s s e d  fo u r  e x p e r im e n ta l 
in v e s t ig a t io n s  i n  low  en e rg y  n u c le a r  p h y s io s  w hich  t e s t  
th e  v a l i d i t y  o f  c e r t a in  a p p l i c a t io n s  o f th e  n u c le a r  s h e l l  
m odel. The e x p e rim en ts  d e s c r ib e d  were c a r r i e d  ou t by 
th e  a u th o r  betw een O c to b e r, 1953 and J u n e , 1957 in  th e  
D epartm ent o f N a tu ra l  P h ilo so p h y  o f  th e  U n iv e r s i ty  o f 
G lasgow.
The re v ie w  o f th e  s h e l l  m odel and o f t h r e e  ty p e s  o f 
ex p e rim en t in  th e  i n t e r p r e t a t i o n  o f w hich i t  i s  u s e f u l ,  
i s  g iv en  i n  C h ap te r I ,  t o  show th e  re le v a n c e  o f th e  
e x p e r im e n ta l  work to  an u n d e rs ta n d in g  of th e  n u c le u s .
The m a te r i a l  f o r  t h i s  c h a p te r  h a s  been  drawn m a in ly  from  
th e  c u r r e n t  l i t e r a t u r e  on t h e  s u b j e c t .
A l l  t h e  ex p e rim en ts  w ere o r i g i n a l  i n  p la n n in g  and 
e x e c u t io n . I n  two c a se s  i t  was d is c o v e re d  when th e  work 
was a lm o s t com pleted  t h a t  s i m i l a r  w ork, c o n c u r r e n t ly  
perfo rm ed  e ls e w h e re , had y ie ld e d  s im i l a r  r e s u l t s .  A ccounts 
o f  th r e e  o f  th e  e x p e rim e n ts  have been p u b lis h e d  and th e  
f o u r th  was r e p o r te d  by D r. K. G. M cN eill a t  a  m e e tin g  o f 
th e  C anad ian  A s s o c ia t io n  o f  P h y s ic i s t s  i n  J u n e , 1956. The 
a u th o r ’ s d eg ree  o f  r e s p o n s i b i l i t y  f o r  th e  v a r io u s  p a r t s  o f
each  in v e s t i g a t i o n  i s  o u t l in e d  below .
C h ap te r I I  d e s c r ib e s  an  in v e s t i g a t io n  o f  th e  p ro d u c tio n  
o f  an  iso m e r ic  s t a t e  o f  Pb^^"^ by a  p h o to n e u tro n  r e a c t i o n .
The i d e n t i f i c a t i o n  o f  th e  r a d i o a c t i v i t y ,  d e s c r ib e d  in  
s e c t io n  3 . 2 ( i ) ,  was perfo rm ed  i n  c o l la b o r a t io n  w ith  Mr.
J .  M. R eid and D r. K. G. M cN eill. The a u th o r  was r e s p o n s ib le  
f o r  th e  e x p e rim e n ts  to  m easure th e  y ie ld  o f th e  is o m e r ic  
s t a t e  from  th e  p h o to n e u tro n  ex p e rim en t and th e  e x p e r im e n ts  
w ith  to  a t te m p t to  c l a r i f y  th e  e n e rg y  l e v e l  scheme o f
Pb207^ but i s  in d e b te d  t o  D r. M cN eill f o r  h e lp  i n  a n a ly s in g  
th e  r e s u l t s  o f  th e  fo rm e r . The c o n c lu s io n s ,  and th e  
d is c u s s io n  o f  th e  re le v a n c e  of th e  ex p e rim en t t o  th e  th e o ry  
o f p h o to d is in te g r a t io n  a r e  due to  th e  a u th o r .
I n  C h ap te r  I I I  i s  d e s c r ib e d  a s e a r c h  f o r  a  r e p o r te d  
iso m e r ic  s t a t e  o f  Mn^^. The e x p e rim e n ts  r e p o r te d  i n  s e c t io n  
3 .2  were perfo rm ed  by th e  a u th o r  e x c ep t f o r  th o s e ,  b r i e f l y  
m en tioned  a t  th e  en d , w hich were c a r r i e d  o u t a t  th e  
U n iv e r s i ty  o f  Saskatchew an and a r e  c l e a r l y  in d ic a te d  i n  th e  
t e x t .  The a u th o r  i s  in d e b te d  to  D r. M cN eill f o r  h e l p f u l  
d is c u s s io n s  co n c e rn in g  th e  c o n c lu s io n  in  s e c t io n  5 .5 .
An i n v e s t ig a t io n  o f th e  r a d io a c t iv e  decay  scheme o f  
th e  ground s t a t e  and iso m e ric  s t a t e  o f  Mo^^ i s  d e s c r ib e d  
in  C h ap te r IV . The a u th o r  was r e s p o n s ib le  f o r  th e  e x p e r i ­
m e n ta l w ork, some of w hich was perfo rm ed  and a n a ly s e d  i n  
c o l l a b o r a t io n  w ith  D r. M cN eill.
I n  C h a p te r  7  i s  d e s c r ib e d  th e  i n v e s t i g a t io n  o f th e
r a d io a c t iv e  decay  scheme o f 1 ^28 , The p la n n in g  and 
e x e c u tio n  o f  th e  ex p e rim en ts  were th e  r e s p o n s i b i l i t y  o f  
th e  a u th o r  who i s  n e v e r th e le s s  in d e b te d  to  D r. M cN eill f o r
a s s i s ta n c e  In  th e  perfo rm ance and a n a ly s i s  o f some of them . 
The d is c u s s io n  o f  th e  r e s u l t s ,  and th e  c o n c lu s io n s  drawn 
from  them  a re  th e  a u t h o r 's .
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CHAPTER I  INTRODUCTION 
S e c t io n  1 .1  The R ole of M odels In  N u c le a r  P h y s io s
I n  1911 Lord R u th e rfo rd  p ro p o sed  an  a to m ic  m odel 
c o n s i s t in g  o f a s m a ll ,  d e n se , p o s i t i v e l y  ch a rg ed  n u c le u s  
a t  th e  c e n tr e  o f  th e  atom , su rro u n d e d  by n e g a t iv e  e l e c t r i c a l  
c h a rg e . S t ru c tu r e  was d e te c te d  w i th in  th e  n u c le u s  i t s e l f  
and s in c e  th e n  much o f th e  r e s e a r c h  in  p h y s ic s  h as  concerned  
a t te m p ts  to  u n d e rs ta n d  th e  a tom ic n u c le u s .
Two c o n t r a s t in g  ap p ro ac h es  t o  th e  p ro b lem , each  
p a r t i a l l y  s u c c e s s f u l  in  th e  p a s t ,  a r e  s t i l l  b e in g  p u rsu e d  
to d a y . The n u c le u s  was found to  c o n s i s t  o f  p ro to n s  and 
n e u tro n s :  one may p e rfo rm  e x p e rim e n ts  t o  m easure t h e i r  
m utual i n t e r a c t i o n s  and t r y  to  d ev e lo p  a c o n s i s t e n t  th e o ry  
o f  th e s e  f o r c e s  in  te rm s  of w hich to  p r e d ic t  th e  p r o p e r t i e s  
o f n u c le i  c o n ta in in g  la r g e  numbers o f th e  b a s ic  p a r t i c l e s .  
A l t e r n a t iv e l y ,  by exam in ing  th e  p r o p e r t i e s  o f a  la r g e  number 
o f n u c l e i ,  a t te m p ts  may be made to  deduce g e n e r a l i t i e s  w hich 
a p p ly  to  a l l  n u c l e i .  The f i r s t  ap p ro ach  h as  le d  t o  th e  
s tu d y  o f th e  n u c le a r  fo rc e  law : th e  second  h a s  en co u rag ed  
th e  p ro p o s a l o f  a number o f  m odels o f  th e  n u c le u s .
S ince th e  d is c o v e ry  th a t  n u c le i  a re  composed o f 
p a r t i c l e s  i t  h a s  been a p p a re n t t h a t  th e r e  m ust be a 
s p e c i f i c  i n t e r - n u d e  on f o rc e  t o  overcome th e  e l e c t r o s t a t i c  
r e p u ls io n  betw een th e  p ro to n s  and to  c o n fin e  th e  n u c le o n s  
in  th e  sm a ll volume w hich  the n u c le u s  was found to  occupy .
Some f e a t u r e s  o f  th e  f o rc e  law  can  be deduced from  g e n e ra l  
p r o p e r t i e s  o f n u c le i  such  a s  th e  v a r i a t i o n  o f n u c le a r  
volume and b in d in g  en e rg y  w ith  th e  number o f  c o n s t i tu e n t  
n u c le o n s . To d e te rm in e  th e  f o r c e s  betw een p a i r s  o f  
n u c leo n s  more s p e c i f i c a l l y ,  n u d e  o n - n u d e  on s c a t t e r i n g  h as  
been  s tu d ie d  o v e r th e  wide ran g e  o f  e n e rg ie s  now a v a i la b le  
i n  th e  la b o r a to r y ,  from  th e rm a l n e u tro n s  up t o  1 0 ,0 0 0  Mev 
p r o to n s .
T hat th e  n u c le a r  f o rc e  f i e l d  sh o u ld  be c h a r a c te r i z e d  
by m assive  " q u a n ta ” was p r e d ic te d  by Yukawa i n  1935 and 
th e  d is c o v e ry  o f  tt- mesons in  cosm ic r a y s ,  by th e  s tu d y  o f 
t r a c k s  in  p h o to g ra p h ic  e m u ls io n s , co n firm ed  th e  e x is te n c e  
o f  th e s e  s h o r t - l i v e d  p a r t i c l e s  w hich  in t e r a c t e d  s t r o n g ly  
w ith  n u c l e i .  I t  was found  t h a t  tr-m esons co u ld  be p roduced  
in  th e  la b o r a to r y  and th e  con tem porary  i n v e s t i g a t i o n  of 
th e  n u c le a r  fo rc e  law  in c lu d e s  e x p e rim e n ts  in v o lv in g  l i g h t  
and heavy mesons a s  w e ll  a s  th e  s c a t t e r i n g  e x p e rim e n ts  
w hich a re  s t i l l  b e in g  checked and e x te n d e d . T here rem a in , 
how ever, many unknown f a c t o r s  in  th e  meson th e o ry  o f  
n u c le a r  f o r c e s  and even  when th e s e  a re  e l im in a te d  th e  
second ap p ro ach  t o  th e  p rob lem  o f  th e  n u c le u s  w i l l  be 
f r u i t f u l  in  d e s c r ib in g  heavy  n u c l e i ,  because  o f  th e  
d i f f i c u l t y  o f  f in d in g  even  ap p ro x im a te  s o lu t io n s  to  th e  
many-body p rob lem .
The ex p e rim e n ts  d e s c r ib e d  in  t h i s  t h e s i s  c o n t r ib u te  
t o  th e  l a t t e r  ap p ro ac h . Much in fo rm a tio n  h as been  am assed
ab o u t th e  p r o p e r t i e s  o f  n u c l e i ,  by many d i f f e r e n t  ty p e s  o f 
e x p e r im e n ts : s i g n i f i c a n t  g e n e ra l  f e a t u r e s  have been  
o b se rv ed  and have in s p i r e d  th e  p ro p o s a l  o f  m odels o f th e  
n u c le u s  b ased  on a n a lo g ie s  to  o th e r  b ran ch es  o f  p h y s ic s .  
E ach  o f th e  m odels so f a r  p ro p o sed  h as  been  s u c c e s s f u l  
i n  e x p la in in g  some p r o p e r t i e s  o f  n u c le i  o r  n u c le a r  
r e a c t io n s  b u t h as  been found  u n ab le  to  p r e d ic t  c o r r e c t l y  
o th e r  n u c le a r  phenomena: s e v e r a l  have been  m o d if ie d , i n  
th e  l i g h t  o f  new er e x p e r im e n ta l e v id e n c e , to  w iden  t h e i r  
a p p l i c a t i o n .  The l i q u i d  d rop  m odel, th e  o p t i c a l  m odel and 
th e  s h e l l  m odel a re  ex am p les.
The f i r s t  was su g g e s te d  by th e  c o n s ta n c y  o f n u c le a r  
d e n s i ty  th ro u g h o u t th e  p e r io d ic  t a b l e  and th e  s m a lln e s s  
o f  th e  v a r i a t i o n  o f b in d in g  en e rg y  w ith  n u c le a r  s i z e ,  b o th  
f e a t u r e s  b e in g  s u g g e s tiv e  o f  th e  p r o p e r t i e s  o f  m o le cu le s  
i n  a l i q u i d  d ro p . The model p roved  p a r t i c u l a r l y  u s e f u l  in  
th e  t r e a tm e n t  o f  f i s s i o n  b u t f a i l e d  in  i t s  p r e d i c t i o n s  o f  
th e  en e rg y  sp ec tru m  o f th e  e x c i te d  s t a t e s  o f  n u c l e i .  I t  
was a l s o  a p p l ie d  t o  th e  th e o ry  o f n u c le a r  r e a c t io n s  by 
Bohr and le d  t o  th e  id e a  o f  th e  compound n u c le u s ,  and th e  
c o n c e p ts  o f  n u c le a r  te m p e ra tu re  and e v a p o ra t io n  of 
p a r t i c l e s .
The co n cep t o f  th e  compound n u c le u s  i s ,  how ever, o n ly  
a p p l ic a b le  to  r e a c t io n s  in  w hich a  bom barding p a r t i c l e  i s  
c a p tu re d  by th e  t a r g e t  n u c le u s  and to  d e s c r ib e  th e  i n i t i a l  
s ta g e  o f  th e  r e a c t io n  i t  i s  n e c e s s a ry  t o  c o n s id e r  th e
a b ru p t  change in  p o t e n t i a l  w hich th e  incom ing p a r t i c l e  
e x p e r ie n c e s  a t  th e  n u c le a r  s u r f a c e .  R e p re s e n tin g  th e  
n u c le u s  by a com plex p o t e n t i a l  w e l l  p r e d i c t s  b o th  
s c a t t e r i n g  and a b s o r p t io n  o f th e  in c id e n t  wave p a c k e t .
The o p t i c a l  m odel o f  th e  n u c le u s ,  vAiioh i s  based  on t h i s  
id e a ,  h as  been  s u c c e s s f u l  in  e x p la in in g  many o f  th e  
re so n a n ce  f e a t u r e s  o f  n u c le a r  r e a c t i o n s .
The f a c t  t h a t  s e v e r a l  n u c le a r  p r o p e r t i e s ,  su ch  a s  
th e  b in d in g  o f  th e  l a s t  added n u c le o n , v a r ie d  sm oo th ly  
o v e r wide re g io n s  o f  th e  p e r io d ic  t a b l e  b u t showed sh a rp  
d i s c o n t i n u i t i e s  a s  th e  number o f  n e u tro n s  o r  p ro to n s  
p a sse d  c e r t a i n  v a lu e s ,  su g g e s te d  t h a t  n u c le i  w ere con­
s t r u c t e d  by f i l l i n g  s u c c e s s iv e  s h e l l s  w ith  n u c le o n s .
Thus a s  e a ch  e x t r a  p ro to n  o r  n e u tro n  was added i t  would 
occupy a s t a t e  o f p a r t i c u l a r  a n g u la r  momentum and e n e rg y , 
th e  number o f  n u c leo n s  a llo w ed  in  each  l e v e l  b e in g  
d e te rm in ed  by th e  P a u l i  p r i n c i p l e , and th e  m agic num bers 
b e in g  e x p la in e d  by p o s tu l a t i n g  l a r g e  gaps betw een  c e r t a i n  
en e rg y  l e v e l s  and th e  su c ce e d in g  o n e s .
A l l  th e s e  m odels a r e  a t  p r e s e n t  u sed  t o  i n t e r p r e t  
v a r io u s  e x p e r im e n ta l r e s u l t s ;  e x p e rim e n ts  a r e  co n d u c ted  
t o  d e te rm in e  th e  r e g io n s  o f  a p p l i c a b i l i t y  o f  th e  m ode ls; 
and a t te m p ts  a re  made t o  m odify  t h e i r  t h e o r e t i c a l  b a s i s  
in  o rd e r  t o  ex ten d  th e  ran g e  o f  n u c le a r  phenomena to  
w hich th e y  can be a p p l ie d .
Even m odels w hich a re  i n s u f f i c i e n t l y  d e t a i l e d  t o
p r e d ic t  q u a n t i t a t i v e l y  th e  v a lu e s  o f  p a r t i c u l a r  n u c le a r  
p a ra m e te rs  may s t i l l  i n f e r  th e  v a r i a t i o n s  o f c e r t a i n  
g e n e ra l  f e a t u r e s  th ro u g h o u t th e  p e r io d ic  t a b l e . When 
such  t r e n d s  a re  r e v e a le d  by rev iew s o f  e x p e r im e n ta l  d a ta  
such  a s  th o s e  d e s c r ib e d  in  "The P r o p e r t i e s  o f  M edium -weight 
N u c le i"  (Way, 1 9 5 6 ), th e n  f u r t h e r  e x p e rim e n ts  w hich  e i t h e r  
c o r ro b o ra te  th e  o b serv ed  g e n e r a l i t i e s  o r  show e x c e p tio n s  
t o  them  c o n t r ib u te  e m p ir ic a l  e v id en ce  w h ich , to g e th e r  w ith  
o th e r  r e s u l t s ,  form s a u s e f u l  p ro v in g  g round f o r  th e  m o d e ls .
To f u r t h e r  o u r  u n d e rs ta n d in g  o f th e  n u c le u s  by th e  
phenom eno log ica l ap p ro ach  e x p e rim e n ts  m u st, t h e r e f o r e ,  be 
perfo rm ed  w hich h e lp  t o  d e f in e  th e  l i m i t s  o f a p p l i c a b i l i t y  
o f th e  m odels o r  w hich co n firm  o r  deny th e  o b se rv ed  
e m p ir ic a l  t r e n d s . I n  t h i s  t h e s i s  a re  p re s e n te d  th e  
r e s u l t s  o f  e x p e rim en ts  on fo u r  n u c l e i ,  Mn®^, Mo^^, 1^28 
and Pb^®*^. The i n t e r p r e t a t i o n  o f  th e s e  r e s u l t s  i n  te rm s  
o f  th e  s h e l l  m odel th ro w s l i g h t  on th e  v a l i d i t y  o f  a p p ly in g  
i t  t o  v a r io u s  n u c le a r  phenom ena.
I n  th e  rem a in d er o f  th e  in t r o d u c t io n  th e  s h e l l  m odel 
and some o f i t s  im provem ents a re  d e s c r ib e d  ( s e c t io n  1 . 2 ) :  
th e  i n t e r a c t i o n  o f  e le c tro m a g n e tic  r a d i a t i o n  w ith  n u c le i  
i s  d is c u s s e d  ( s e c t io n  1 .5 ) :  eind f i n a l l y  th e  a p p l i c a t i o n  
o f th e s e  t h e o r i e s  to  th r e e  ty p é s  o f e x p e r im e n ta l  work 
vdiich a p p e a r  i n  th e  fo l lo w in g  c h a p te r s ,  i s  b r i e f l y  
o u t l in e d  ( s e c t io n  1 .4 ) .
ôS e c t io n  1 .3  The N u c le a r S h e l l  Model
The s u g g e s t io n  t h a t  th e  m o tion  o f n u c le o n s  i n  th e  
n u c le u s  i s  d e te rm in ed  by an av e rag e  p o t e n t i a l  r a t h e r  th a n  
by s t r o n g  i n t e r a c t i o n s  w ith  t h e i r  n e a r e s t  n e ig h b o u rs  seems 
u n re a s o n a b le  i n  v iew  o f  th e  s t r e n g th  and  s h o r t  ran g e  o f  
th e  two body fo rc e  found in  n u c le o n -n u c le o n  s c a t t e r i n g  
e x p e r im e n ts . N e v e r th e le s s  th e  model h as  been  w id e ly  u sed  
s in c e  1949, when th e  in t r o d u c t io n  o f th e  s t r o n g  s p i n - o r b i t  
c o u p lin g  (M ayer, 1949 and H ax e l, 1949) gave c o r r e c t  
p r e d ic t io n s  o f th e  o b se rv ed  m agic num bers. I t s  s u c c e s s  
i n  p r e d ic t in g  m ost o f  th e  s t a t i c  and some o f  th e  dynam ic 
p r o p e r t i e s  o f  n u c le i  overshadowed th e  a p p a re n t w eakness 
o f i t s  t h e o r e t i c a l  b a s i s .  R e c e n tly  m a jo r ad v an ces in  th e  
t r e a tm e n t  o f  th e  many-body problem  have re v e a le d  th e  
p o s s i b i l i t y  o f  b u i ld in g  th e  n u c le a r  s h e l l  m odel on a  f i rm  
t h e o r e t i c a l  f o u n d a t io n .
H i s t o r i c a l l y ,  th e  s h e l l  model was p ro p o sed  in  an a lo g y  
w ith  t h e  s u c c e s s f u l  model o f  th e  a tom  i n  w hich  th e  b a s ic  
m o tio n  o f  th e  e l e c t r o n s  was d e te rm in ed  by th e  f i e l d  o f  th e  
n u c le u s  and t h e i r  m u tu a l i n t e r a c t i o n s  t r e a t e d  a s  a 
p e r tu r b a t i o n .  C e r ta in  d i s c o n t i n u i t i e s  i n  n u c le a r  p r o p e r t i e s  
su ch  a s  oc- and /0-d e ca y  e n e rg ie s  and n e u tro n  c a p tu re  c ro s s  
s e c t i o n s ,  w hich o c c u rre d  a t  p o in ts  i n  th e  p e r io d ic  t a b le  
c o rre sp o n d in g  to  p a r t i c u l a r  n u c leo n  num bers s u g g e s te d  a 
s i m i l a r i t y  t o  th e  c lo s in g  o f  e l e c t r o n  s h e l l s  a t  th e  i n e r t  
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Energy le v e l  scheme for  protons as predicted by the 
sin g le  p a r tic le  s h e l l  model for a sp h erica lly  symmetric 
p o ten tia l interm ediate between the harmonic o s c i l la to r  
and the square w ell o f in f in i t e  depth. The harmonic 
o s c i l la to r  grouping.and the p arity  are shown on the l e f t  
Numbers on the right are le v e l  degeneracies (curved 
brackets) and to ta l occupation numbers [square brackets]
a th re e -d im e n s io n a l  sq u a re  w e ll  o r  harm onic o s c i l l a t o r ,  
y ie ld e d  bound s t a t e s  o f  in c r e a s in g  e n e rg y  w hich  co u ld  be 
f i l l e d  c o n s e c u t iv e ly  w ith  p ro to n s  and n e u tro n s  a s  th e  
mass num ber, A, in c re a s e d .  No p o t e n t i a l  was fo u n d , 
how ever, w hich s u c c e s s f u l ly  p r e d ic te d  s h e l l  c lo s u re s  a t  
th e  o b served  m agic numbers 50 , 62 and 126 u n t i l ,  w ith  
th e  a id  o f  j - j  c o u p lin g  and a s t r o n g  s p i n - o r b i t  i n t e r a c t i o n ,  
th e  d o u b le ts  o f  h ig h  o r b i t a l  a n g u la r  momentum were shown 
t o  be s u f f i c i e n t l y  w id e ly  s p l i t  f o r  th e  h ig h  s p in  member 
t o  jo in  th e  n e x t lo w er s h e l l .  I n  f i g .  1 .1  i s  shown th e  
l e v e l  o rd e r  p r e d ic te d  f o r  p ro to n s  by J e n se n  (1 9 5 5 ). I n  
th e  harm onic o s c i l l a t o r  p o t e n t i a l  th e  b ra c k e te d  s e t s  o f  
l e v e l s  a re  d e g e n e ra te . The o rd e r  shown, ig n o r in g  th e  
s p in - o r b i t  s p l i t t i n g ,  i s  th e  same a s  t h a t  fo u n d  f o r  th e  
i n f i n i t e  sq u a re  w e ll  p o t e n t i a l ,  up t o  th e  5 s l e v e l .  The 
o rd e r  f o r  n e u tro n s  i s  p r e d ic te d  t o  be th e  same up to  
N = 50 b u t t h e r e a f t e r  low n e u tro n  a n g u la r  momenta a r e  
more fav o u red  th a n  th e  c o rre sp o n d in g  p ro to n  s t a t e s  and 
some l e v e l s  w i l l  c r o s s .  At b e s t  th e  d iag ram  i s  ap p ro x im ate  
b u t w ith  i t s  a id  and some v e ry  s im p le  a ssu m p tio n s  many o f  
th e  n u c le a r  ground s t a t e  s p in s  and  p a r i t i e s  can  be 
p r e d ic te d .
I n  n u c le i  c o n ta in in g  an  even  number o f  p ro to n s  and 
an  even number o f  n e u tro n s  ( h e r e i n a f t e r  c a l l e d  even  n u c le i )  
each  s u c c e s s iv e  p a i r  o f  n e u tro n s  c o u p le s  t o g e th e r  t o  g iv e  
z e ro  a n g u la r  momentum and th e  p ro to n s  behave s i m i l a r l y .
8The ground s t a t e s  o f  even n u c le i  have th u s  unam biguously  
z e ro  s p in  and even  p a r i t y .  No e x c e p tio n s  have been  fo u n d  
t o  t h i s  r u l e .
F o r odd p ro to n  o r  odd n e u tro n  n u c le i  th e  s im p le s t  
a ssu m p tio n  i s  t h a t  a l l  th e  n u c le o n s , e x c e p t th e  odd o n e , 
p a i r  in  th e  above way and th a t  th e  ground s t a t e  p ro p e r ­
t i e s  a r e  d e te rm in ed  by th e  s p in  and p a r i t y  o f  th e  one 
u n p a ire d  n u c le o n . T h is  s in g le  p a r t i c l e  s h e l l  model 
p ro v id e s  many c o r r e c t  p r e d ic t io n s  b u t n eed s c e r t a i n  
m o d if ic a t io n s .  I n  an  u n f i l l e d  s h e l l  we must ta k e  some 
acco u n t o f  th e  n u c le o n -n u c le o n  i n t e r a c t i o n ;  f i r s t l y ,  th e  
e f f e c t  o f  p a i r in g  en e rg y  m ust be in c lu d e d . I f ,  t o  an 
even  n u c le u s  w ith  Z p r o to n s ,  two more p ro to n s  a r e  added 
th e  p a i r in g  en e rg y  i s  d e f in e d  a s  th e  b in d in g  en e rg y  o f 
th e  two p ro to n s  m inus tw ic e  th e  b in d in g  en e rg y  o f  th e  
(Z + 1)®*  ^ p ro to n .  The s ig n  i s  a lw ays p o s i t i v e ,  and th e  
m agnitude i s  a lm o st th e  same f o r  n e a rb y  odd-N n u c le i  
p a r t i c u l a r l y  i f  th e  l a s t  added n e u tro n s  a r e  i n  a  d i f f e r e n t  
s h e l l  from  th e  l a s t  added p r o to n s .  N eu tro n  p a i r in g  e n e rg y  
can  be d e f in e d  in  a  s i m i l a r  way. The m ost s i g n i f i c a n t  
f e a tu r e  i s  t h a t  th e  p a i r in g  en e rg y  in c r e a s e s  f o r  l e v e l s  
o f  h ig h e r  o r b i t a l  a n g u la r  momenta. The p a i r in g  e n e rg ie s  
(o f  th e  o rd e r  o f 1 t o  3 Mev) o f  two s u c c e s s iv e  l e v e l s  may
d i f f e r  by a s  much a s  1 Mev w hich i s  som etim es more th a n  
th e  sp a c in g  betw een th e  l e v e l s .  T h is  e f f e c t  e l im in a te s  
many o f th e  ex p e c te d  h ig h  s p in  ground s t a t e s .  I n  th e
9re g io n  N =  82 t o  N = 126 th e  i s  ex p e c te d  t o  be
th e  l a s t  t o  f i l l  ( se e  f i g .  1 .1 ) .  Pb^O?, w ith  125 n e u tro n s ,
sh o u ld  th e r e f o r e  have one n e u tro n  m is s in g  from  th e  i^gyg
13s h e l l .  I n s te a d  o f  a  ground s t a t e  s p in  and p a r i t y  o f
M
how ever, e x p e rim e n ts  show v a lu e s  o f  -  — (S tro m in g e r , 1 9 5 8 ).
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The e x p la n a t io n  o f  t h i s  r e s u l t  i s  t h a t  th e  p a i r i n g  en e rg y
g a in ed  in  co m p le tin g  th e  i^^y g  s h e l l  i s  g r e a t e r  th a n  th e
en e rg y  needed t o  r a i s e  a n e u tro n  from  th e  3p^yg s h e l l  t o
th e  l l^ g y g  s h e l l .  I n  f a c t  th e  p a i r i n g  en e rg y  i s  so g r e a t
t h a t  th e  same h o ld s  t r u e  f o r  b o th  th e  2fg y g  and Sp^yg
s t a t e s  a s  i s  in d ic a te d  by th e  |  — and ^  — n a tu r e s  o f  th e
2 2
f i r s t  two e x c i te d  s t a t e s  o f  Pb^O?. No i^ ^ y g  ground s t a t e  
h as  been observed  in  any  o f  th e  n u c l e i  w ith  112 <  N < 126 .
Â s im i l a r  argum ent e x p la in s  th e  ab sen ce  o f  s p in
2
ground s t a t e s  in  e i t h e r  th e  n e u tro n  o r  p ro to n  h^^yg s h e l l s
a lth o u g h  th e r e  i s  s t i l l  some do u b t ab o u t th e  o rd e r  o f  th e
and s t a t e s  i n  Sn^^^ and Sn^^®.S 2
I n  th e  ggyg s h e l l  w hich c lo s e s  a t  Z = 50 th e  p a i r in g
en e rg y  i s  a lm o st e q u a l t o  th e  gap betw een  th e  ggyg and P^yg
s t a t e s .  Thus in  26 odd-Z i s o to p e s  in  th e  r e g io n  Z = 41 to
Z = 49 whose ground s t a t e  s p in s  have been  d i r e c t l y  m easu red ,
o r  e s tim a te d  from  e x p e r im e n ta l ev id en ce  on /d -decay , th e
v a lu e  2  o cc u rs  in  17 c a s e s  and th e  v a lu e  1  i n  7 c a s e s .  (The 
2 2
o cc u rren c e  o f  tw o ground s t a t e s  o f  s p in  and p a r i t y  i s
2
e x p la in e d  below . ) S im i la r ly  i n  th e  ggyg n e u tro n  s h e l l
th e r e  a re  9 known 2 +  ground s t a t e s ,  7 n u c l e i  w ith  1  —
2 2
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ground  s t a t e s  and 5 with, s p in  and p a r i t y  2 + o r  ~ *
2 2
F o r n u c le i  c o n ta in in g  an  odd number o f  n u c le o n s  i n  a  
s h e l l  w hich i s  n e i th e r  n e a r ly  em pty n o r  n e a r ly  f u l l  th e  
s in g l e  p a r t i c l e  s h e l l  model i s  n o t a  good a p p ro x im a tio n  
and th e  c o u p lin g  o f  s e v e r a l  n u c leo n s  t o  g iv e  s p in  and 
p a r i t y  v a lu e s  d i f f e r e n t  from  any o f th e  a v a i l a b le  s in g le  
p a r t i c l e  l e v e l s  i s  p o s s i b l e .  The In d ep en d e n t P a r t i c l e  
m odel c o n s id e r s  th e  s t a t e s  w hich can be c o n s t ru c te d  by 
c o u p lin g  to g e th e r  a l l  th e  n u c leo n s  o u ts id e  c lo s e d  s h e l l s  
and  can  th u s  e x p la in  th e  o c c u rren c e  o f  g round  s t a t e s  such  
a s  t h a t  o f  Mn^^ w ith  s p in  and p a r i t y  , i n  th e  m iddle 
o f  th e  fy y g  s h e l l  and th e  above m en tioned  e x c e p t io n s .
I n  n u c le i  o f  ev en  A b u t odd Z and N (odd n u c le i ]  th e  
p r o p e r t i e s  o f  th e  ground s t a t e  depend on  th e  c o u p lin g  of 
an  odd p ro to n  w ith  an  odd n e u tro n .  I f  th e  s t a t e  o f  each  
o f  th e  odd p a r t i c l e s  can  be g u essed  fro m  knowledge o f  th e  
n e a r e s t  c o rre sp o n d in g  odd-Z o r  odd-N n u c le u s ,  N o rdhe im 's  
r u l e s  (Nordheim , 1951) g iv e  an  e s t im a te  o f  th e  r e s u l t a n t  
s p i n .  H is weak r u l e ,  how ever, g iv e s  s e v e r a l  p o s s ib le  
v a lu e s  f o r  th e  s p in  and e x c e p tio n s  t o  b o th  r u l e s  a r e  known 
so  p r e d ic t io n s  ab o u t th e  ground s t a t e s  o f  odd n u c l e i  r e q u ir e  
more d e t a i l e d  c a l c u l a t i o n s .
Such c a lc u l a t i o n s  have been s u c c e s s f u l ly  p erfo rm ed  
f o r  n u c le i  w ith  one o r  two n e u tro n s  and  p ro to n s  o u ts id e  
c lo s e d  s h e l l s  (de S h a l i t ,  1953, K u ra th , 1953) b u t th e  
c a l c u l a t i o n s  become r a p id ly  more d i f f i c u l t  a s  th e  num bers
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o f  e q u iv a le n t  p a r t i c l e s  t o  be c o n s id e re d  in c r e a s e s .
The su c c e s s  o f  th e  s in g le  p a r t i c l e  s h e l l  m odel (SPSM) 
and  th e  more s o p h is t i c a te d  in d e p en d en t p a r t i c l e  m odel (IFM) 
in  e x p la in in g  th e  o b se rv ed  g round s t a t e  s p in s  and p a r i t i e s  
i s  s t r o n g  ev id en ce  f o r  t h e i r  v a l i d i t y  and p ro v id e s  an  
in c e n t iv e  t o  in v e s t i g a t e  t h e i r  a p p l i c a t i o n  t o  o th e r  n u c le a r  
phenomena such  a s  th e  w e ll  d e f in e d  low  ly in g  e x c i te d  s t a t e s  
o f  n u c l e i .
A g ain , th e  SPSM i s  u s e f u l  i n  c e r t a i n  r e g io n s  o f  th e
p e r io d ic  t a b l e  n e a r  th e  m agic num bers. I n  p a r t i c u l a r  f o r
one n u c leo n  o u ts id e  a  c lo s e d  s h e l l  o r  f o r  one " h o le ” ,
t h a t  i s  one n u c le o n  m is s in g  from  a  c lo s e d  s h e l l ,  th e
e x c i te d  s t a t e s  m ight be e x p e c te d  to  c o rre sp o n d  t o
e x c i t a t i o n s  o f  s in g le  p a r t i c l e s  to  th e  a v a i l a b le  s h e l l
m odel l e v e l s .  Pb^^® has c lo s e d  s h e l l s  o f  b o th  p ro to n s
(Z =  82) and n e u tro n s  (N = 126) and  pb®^*^, t h e r e f o r e ,
w ith  N = 125 sh o u ld  be p a r t i c u l a r l y  auaenable t o  t h i s
ty p e  o f a n a l y s i s .  The i -  ground s t a t e  h as  been  e x p la in e d
2
above i n  te rm s  o f  th e  p a i r in g  en e rg y  in  th e  
E x c i te d  s t a t e s  can  be form ed by e x c i t i n g  one n e u tro n
from  th e  ^ .^Z/Z* ^z/Z*  ^ 5 /2  ^ 7 /2  t o  com plete
th e  p^yg s h e l l  and th e s e  s p in s  and  c o rre sp o n d in g  p a r i t i e s  
can  p la u s ib ly  be a s s ig n e d  to  th e  known lo w - ly in g  e x c i te d
s t a t e s .  I n  odd n e u tro n  o r  odd p ro to n  n u c l e i  w ith  N o r
Z =  41 to  49 i n c l u s i v e , a  2  4. g round s t a t e  i s  p r e d ic te d  
e x c e p t in  th o s e  n u c le i  f o r  w hich  th e  p a i r i n g  e n e rg y  makes
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th e  g -  s t a t e  lo w e r . I t  i s  ex p e c te d  t h a t  the  o th e r  l e v e l  
w i l l  he s u f f i c i e n t l y  c lo se  to  form  th e  f i r s t  e x c i te d  
s t a t e .  Thus in  th e s e  r e g io n s  many n u c le i  a re  found  whose 
f i r s t  e x c i te d  s t a t e  d i f f e r s  by 4 u n i t s  o f  a n g u la r  momentum 
from  th e  ground s t a t e .  T h is  i s  p a r t i c u l a r l y  l i k e l y  n e a r  
th e  b eg in n in g  and end o f  th e  g g /g  s h e l l ;  in  n u c le i  where 
th e  s h e l l  i s  ab o u t h a l f  f u l l  odd num bers o f  e q u iv a le n t  
ggyg n u c leo n s  som etim es couple t o  g iv e  2 + s t a t e s  a s
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a l t e r n a t i v e s  to  th e  |  + s t a t e s .  S im i la r ly  f o r  odd n u c le i  
th e  s p in  and p a r i t y  depend on th e  c o u p lin g  o f  two o r  more 
n u c leo n s  and  p r e d ic t io n s  a re  l e s s  r e l i a b l e .  T here i s ,  
how ever, th e  p o s s i b i l i t y  o f h ig h  s p in s  r e s u l t i n g  from  th e  
c o u p lin g  o f  th e  odd n u c leo n s  in  th e  same re g io n s  o f  th e  
p e r io d ic  t a b l e .  A d jacen t n u c le a r  l e v e l s  o f w id e ly  d i f f e r e n t  
s p in  le a d  to  th e  phenomenon o f iso m erism  and th e  p o s s i b i l i t y  
o f  s tu d y in g  th e  t r a n s i t i o n s  betw een th e s e  l e v e l s  in  some 
d e t a i l  a s  d e s c r ib e d  below  in  s e c t io n  1 . 4 ( i i ) .
The e n e rg ie s  o f  p a r t i c u l a r  e x c i te d  s t a t e s  a r e  s c a r c e ly  
p r e d ic ta b le  from  th e  s h e l l  model even  n e a r  m agic numbers 
where f a i r l y  w e ll  d e f in e d  s in g le  p a r t i c l e  s t a t e s  a r e  fo u n d . 
Ig n o ra n ce  of th e  shape and the d e p th  o f th e  c e n t r a l  p o t e n t i a l  
and th e  form  o f th e  i n t e r a c t i o n  w hich sh o u ld  be u sed  to  
c a lc u la te  th e  p a i r in g  en e rg y  le a d s  to  u n c e r t a i n t i e s  in  th e
en e rg y  o f s in g le  p a r t i c l e  l e v e l s  w hich  a r e  la r g e  com pared 
to  t h e i r  s e p a r a t io n s  and n o t even  th e  o rd e r  o f  th e  s t a t e s  
can be a c c u r a te ly  p r e d ic te d .  I n  c o n f ig u r a t io n s  in v o lv in g
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two o r  more e q u iv a le n t  n u c le o n s  th e r e  a re  so  many p a ra m e te rs  
a v a i la b le  t h a t  v i r t u a l l y  any  e x p e r im e n ta l  r e s u l t s  can  be 
f i t t e d  by t h e o r e t i c a l  c a l c u l a t i o n s .  C e r ta in  s t r i k i n g l y  
r e g u la r  n u c le a r  s p e c t r a  h a v e , how ever, demanded an  
e x p la n a t io n ;  i t  was n o t im m ed ia te ly  s u p p lie d  by th e  s h e l l  
m odel.
I n  th e  r a r e  e a r t h  r e g io n  o f  th e  p e r io d ic  t a b l e  s e r i e s  
o f  e x c i te d  s t a t e s  o f  even n u c le i  have b een  found  w ith  s p in  
and p a r i t y  a ss ig n m e n ts  8+, 4+ , 6+- -  -  and whose e n e rg ie s  
were f i t t e d  by th e  sim p le  r e l a t i o n s h i p  2  =  + 1 ) .
Such r e g u l a r i t y  s u g g e s ts  a s im p le  m odel and Bohr and 
M o tte lso n  have i n t e r p r e t e d  th e s e  l e v e l s  in  te rm s o f  
r o t a t i o n  o f th e  whole n u c le u s  (B ohr, 1 9 5 3 ) . D e s p ite  th e  
su c c e ss  o f th e  s h e l l  m odel, the s t r o n g  in te r - n u c le o n  
f o r c e s  make i t  l i k e l y  t h a t  c o l l e c t i v e  m o tio n s o f  th e  
n u c leo n s  w i l l  be p o s s i b le .  I t  has been  shown t h e o r e t i c a l l y  
t h a t  w ith  many p a r t i c l e s  o u ts id e  c lo s e d  s h e l l s ,  th e  
n u c le o n -n u c le o n  f o r c e s  le a d  t o  d e fo rm a tio n s  o f  th e  n u c leu s  
and t h a t  th e  lo w es t e n e rg y  s t a t e  may be one o f s p h e r o id a l ,  
r a t h e r  th a n  s p h e r i c a l ,  sh a p e . T h is  in  t u r n  changes th e  
shape o f th e  p o t e n t i a l  and p ro d u ces d i f f e r e n t  s in g le  
p a r t i c l e  s t a t e s ,  b u t a  n o n - s p h e r ic a l  e q u i l ib r iu m  shape 
p e rm its  th e  e x p la n a t io n  n o t o n ly  o f  th e  l e v e l  schemes
m entioned  above a s  e x c i t a t i o n s  o f  th e  n u c le u s  by u n i f i e d
r o t a t i o n  b u t a l s o  o f  th e  v e ry  h ig h  e l e c t r i c  q u ad ru p o le  
moments w hich o cc u r i n  th e  same r e g io n  o f  th e  p e r io d ic
14
t a b l e .  The r o t a t i o n a l  sp ec tru m  i s  p e r tu rb e d  by c o u p lin g  
betw een th e  in d ep en d en t p a r t i c l e  m o tions and th e  c o l l e c t i v e  
r o t a t i o n s  and th e  m odel w hich  ta k e s  t h i s  in to  a c c o u n t i s  
s u c c e s s fu l  in  c l a s s i f y i n g  th e  s t a t e s  o f  some n u c le i  i n  th e  
re g io n  A cr 25 a s  members o f  r o t a t i o n a l  bands ( L i th e r la n d ,  
1 9 5 6 ). T h is  U n if ie d  Model ad m its  th e  p o s s i b i l i t i e s  o f  
e i t h e r  a  s p h e r ic a l  c o n f ig u r a t io n  o r  a  s p h e ro id a l  e q u i l ib r iu m  
shape p roduced  by th e  i n t e r a c t i o n s  o f  many p a r t i c l e s  o u ts id e  
c lo se d  s h e l l s , o f c o l l e c t i v e  o s c i l l a t i o n s  o f th e  s h a p e , o f 
r o t a t i o n s  and f i n a l l y  o f c o u p lin g  betw een th e  s in g le  
p a r t i c l e  m otions and th e  c o l l e c t i v e  m o tio n s . Many o f  th e  
n u c le a r  s p e c t r a  and t r a n s i t i o n  p r o b a b i l i t i e s  w hich  i t  
p r e d i c t s  can  a l s o  be p r e d ic te d  by th e  in d e p e n d en t p a r t i c l e  
m odel, ta k in g  ac co u n t o f th e  c o u p lin g  betw een  a l l  th e  
p a r t i c l e s  o u ts id e  c lo s e d  s h e l l s  and a l s o  o f  th e  p e r tu r b a ­
t i o n s  caused  by th e  m ix ing  of c o n f ig u r a t io n s .  V ery n e a r  
to  c lo s e d  s h e l l s  th e  p u re  s h e l l  m odel i s  a p p l i c a b le .  I n  
th e  r a r e  e a r t h  r e g io n  la r g e  e q u i l ib r iu m  d e fo rm a tio n s  y ie ld  
r o t a t i o n a l  e x c i t a t i o n s  of v e ry  low  en e rg y  com pared t o  s in g le  
p a r t i c l e  t r a n s i t i o n s  and th u s  v e ry  p u re  r o t a t i o n a l  s p e c t r a .  
I n  th e  re m a in in g  re g io n s  th e  v a r io u s  m odels a r e  a p p l ic a b le  
t o  d i f f e r e n t  phenom ena.
I n  p a r t i c u l a r  Way e t  a l  (1956) have shown t h a t  th e
e x c i te d  s t a t e s  o f  ev en  n u c le i  i n  th e  r e g io n  22 < N < 90 
d is p la y  marked r e g u l a r i t i e s .  The e n e rg ie s  o f th e  second  
and f i r s t  e x c i te d  s t a t e s  a r e  i n  th e  r a t i o  2 g jic (/^ ls t “
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and th e  p ro d u c t o f th e  mass number and , th e  en e rg y  
o f th e  f i r s t  e x c i te d  s t a t e ,  -  60 MeV. The ground
s t a t e s  a re  a l l  0+- and a lm o st a l l  th e  f i r s t  e x c i te d  s t a t e s  
2+ and th e  second  e x c i te d  s t a t e s  a re  m o s tly  0+, 2+ o r  4+ .
The en e rg y  d i s t r i b u t i o n  r a t i o  can  be e x p la in e d  in  te rm s 
o f th e  IPM w ith  a  s h o r t  range  a t t r a c t i v e  f o r c e  betw een 
p a r t i c l e s  (S ch w artz , 1 9 5 4 ). The s u c c e s s ,  how ever, o f  th e  
c o l l e c t i v e  m odal i n  e x p la in in g  th e  e n e rg y  and s p in  p a t t e r n s  
o f  th e  r a r e  e a r t h  n u c le a r  s p e c t r a  s u g g e s ts  a  s im i la r  a tte m p t 
in  t h i s  r e g io n .  S c h a rf f-G o ld h a b e r  (1955) and W ile ts  (1956) 
have e x p la in e d  th e  r e g u l a r i t i e s  i n  te rm s  of v i b r a t i o n a l  
e x c i t a t i o n s  o f th e  n u c le a r  c o r e .
The su c c e s s  o f b o th  th e  IFM and th e  U n if ie d  Model in  
e x p la in in g  th e  same phenomena s u g g e s ts  a  fu n d am en ta l 
s i m i l a r i t y  betw een th e  two m odels and i t  i s  now b e l ie v e d  
t h a t  th e  same r e s u l t s  can be o b ta in e d  by t r e a t i n g  th e  
n u c leo n s  a s  in d iv id u a l  p a r t i c l e s  moving in  an  av e rag e  
f i e l d ,  w ith  t h e i r  s p e c i f i c  i n t e r a c t i o n s  a s  a  c o r r e c t io n  
o r  c o n s id e r in g  th e  c o l l e c t i v e  m o tio n s  o f  a n u c le u s ,  
deform ed by p a r t i c l e  i n t e r a c t i o n s ,  w ith  th e  c o u p lin g  
betw een c o l l e c t i v e  m o tio n s and in d e p en d en t p a r t i c l e  m o tio n s 
a s  a c o r r e c t io n .
I n  s p i t e  o f th e  su c c e s s  o f th e  IFM in  e x p la in in g  
ob serv ed  n u c le a r  d a ta  d o u b ts  have o f te n  been e x p re s s e d  
ab o u t i t s  t h e o r e t i c a l  b a s i s  because  i t  i s  d i f f i c u l t  t o  
see how a s t r o n g ,  s h o r t  ra n g e , tw o-body  f o rc e  can  su p p ly
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a  smooth av e ra g e  p o t e n t i a l  le a d in g  t o  u n d is tu rb e d  in d e p e n ­
d e n t m otion  o f each  n u c leo n  w ith in  th e  n u c le u s .  An e a r l y  
s u g g e s tio n  by  W eisskopf t h a t  th e  P a u l i  e x c lu s io n  p r i n c i p l e  
m ight p re c lu d e  th e  n u c le o n -n u c le o n  i n t e r a c t i o n s  w hich 
would be ex p e c te d  to  d i s t u r b  su ch  m o tion  gave a q u a l i t a t i v e  
e x p la n a t io n  o f t h i s  e f f e c t  b u t o n ly  r e c e n t l y  h as  th e  work 
o f  B rueckner and o th e r s  shown how th e s e  id e a s  can  be 
q u a n t i t a t i v e l y  in tro d u c e d .  These m ajo r ad v an ces in  th e  
t r e a tm e n t o f th e  many-body prob lem  (rev iew ed  by W e is sk o p f , 
1958) have g r e a t l y  s t r e n g th e n e d  th e  t h e o r e t i c a l  b a s i s  o f  
th e  in d ep en d en t p a r t i c l e  m odel.
The v a r i e t y  o f  m odels s t i l l  r e q u ir e d  to  e x p la in  th e  
c u r r e n t  know ledge o f th e  n u c le u s  a f f i rm s  th e  need f o r  
f u r t h e r  e x p e r im e n ta l  r e s u l t s  t o  c l a r i f y  th e  p ro p e r  r e g io n  
o f a p p l i c a t io n  o f each  m odel. The e x p e rim e n ts  d e s c r ib e d  
in  t h i s  t h e s i s  p ro v id e  in fo rm a tio n  co n c e rn in g  th e  g round  
and e x c i te d  s t a t e s  o f n u c le i  and th e  i n t e r p r e t a t i o n  o f 
th e s e  r e s u l t s  in  te rm s  o f th e  IPM f u r t h e r  c o n firm s  i t s  
v a l i d i t y  in  e x p la in in g  c e r t a i n  n u c le a r  p r o p e r t i e s .
Much o f th e  e x p e r im e n ta l work co n ce rn s  th e  e m is s io n  
o r  a b s o rp t io n  o f e le c tro m a g n e t ic  r a d i a t i o n  by n u c le i  and 
i t  i s  t h e r e f o r e  n e c e s s a ry  b r i e f l y  t o  re v ie w  th e  th e o ry  
o f  t h i s  p ro c e s s  in  th e  n e x t s e c t io n .
S e c t io n  1 .3  I n t e r a c t i o n  o f  E le c tro m a g n e tic  R a d ia t io n  
w ith  N u c le i
T r a n s i t io n s  betw een d i f f e r e n t  e n e rg y  l e v e l s  o f  th e
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same n u o le a s  may ta k e  p la c e  by e m is s io n  o r  a b s o r p t io n  o f 
y - ra y s  and th u s  some of th e  dynamic p r o p e r t i e s  o f  n u c le i  
a re  d is c lo s e d  by a  s tu d y  o f  th e  i n t e r a c t i o n  o f  e l e c t r o ­
m ag n etic  r a d i a t i o n  w ith  n u c l e i .
The n u c le u s  i s  a quan tum -m echan ical sy s tem  and a  f u l l  
tr e a tm e n t of t h i s  p rob lem  would in v o lv e  quantum  f i e l d  
th e o r y .  However, a  sem i c l a s s i c a l  t r e a tm e n t ,  d ev e lo p ed  by 
W eisskopf (1952) and o t h e r s , s u c c e s s f u l ly  e x p la in s  many o f 
th e  e x p e r im e n ta l r e s u l t s .
F o r r a d i a t i o n ,  th e  w av e len g th  o f  w hich i s  lo n g  compared 
t o  th e  n u c le a r  r a d iu s ,  th e  e le c tro m a g n e t ic  f i e l d  may be 
expanded in  te rm s o f  v e c to r  s p h e r ic a l  harm on ics and th e n  
th e  p e r io d i c a l l y  v a ry in g  f i e l d  c o rre sp o n d in g  to  an  o u tg o in g  
wave from  th e  n u c le u s  a t  th e  o r ig in  cam be e x p re s se d  a s  a  
sum o f e l e c t r i c  and m ag n etic  m u lt ip o le  f i e l d s  e ach  o f  w hich 
c a r r i e s  a  p a r t i c u l a r  a n g u la r  momentum and p a r i t y .
The so u rce  o f  th e  f i e l d  i s  th e  n u c le u s  and W eisskopf 
shows t h a t  each  o f  th e  m u lt ip o le  f i e l d s  i s  r e l a t e d  t o  a 
" m u ltip o le  moment" o f  th e  n u c le u s .  C l a s s i c a l l y  th e  
m u lt ip o le  moments a re  p r o p o r t io n a l  t o  i n t e g r a l s  o v e r th e  
n u c le a r  volume o f  c e r t a i n  f u n c t io n s  o f  th e  ch a rg e  and 
c u r r e n t  d e n s i ty .  The r a t e  o f  e m iss io n  o f  e n e rg y  in  each  
o f th e  m u lt ip o le  f i e l d s  may th e n  be c a lc u l a t e d  from  th e
n u c le a r  p r o p e r t i e s .  Up to  t h i s  p o in t  th e  t r e a tm e n t  i s  
p u re ly  c l a s s i c a l ;  th e  sy stem  m ust now be q u a n t iz e d .
F i r s t l y  th e  r a d i a t i o n  f i e l d  i s  q u a n tiz e d  by r e p la c in g  
th e  r a t e  o f  e m is s io n  o f en e rg y  by th e  r a t e  o f  c r e a t io n  o f
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q u an ta  tim e s  th e  e n e rg y , Üio, o f  each  quantum . Then by 
d iv id in g  by th e  l a t t e r ,  th e  t r a n s i t i o n  p r o b a b i l i t y ,  i . e .  
th e  r a t e  o f e m iss io n  o f  q u a n ta , i s  o b ta in e d .  S eco n d ly  
th e  n u c leu s  m ust be c o n s id e re d  a s  a  number o f  p a r t i c l e s  
and  th e  i n t e g r a l s  o f  f u n c t io n s  o f  c o n t in u o u s ly  v a ry in g  
ch a rg e  and c u r r e n t  d i s t r i b u t i o n s  a r e  r e p la c e d  by th e  m a tr ix  
e le m e n ts  o f  th e  c o rre sp o n d in g  o p e r a to r s  betw een  i n i t i a l  and 
f i n a l  n u c le a r  s t a t e s .  A d d it io n a l  te rm s  m ust be in c lu d e d  to  
ta k e  a c c o u n t o f  th e  i n t r i n s i c  m ag n e tic  moments o f th e  
n e u tro n  and p ro to n .
C o n se rv a tio n  o f  a n g u la r  momentum and p a r i t y  im pose 
s e l e c t i o n  r u l e s , and n u c le a r  s t a t e s  a  and b o f  s p in  and 
p a r i t y  and iT^ can  o n ly  be co n n e c te d  by y - ra y s
o f  m u l t i p o l a r i t y  i  w hich s a t i s f i e s  ^
The e l e c t r i c  o r m ag n e tic  n a tu re  i s  d e c id e d  by th e  p a r i t i e s .
ft
I f  = ( -  1) we have a n  e l e c t r i c  t r a n s i t i o n :
^a'^b = ( “ g iv e s  a m agnetic  m u l t ip o le .
F or sy stem s w ith  s p h e r ic a l  symmetry th e  dependence o f  
th e  t r a n s i t i o n  p r o b a b i l i t i e s  on th e  z com ponents o f  a n g u la r  
momenta o n ly  in tro d u c e s  s t a t i s t i c a l  f a c t o r s .  These a r e  
e x p la in e d  by W eisskopf (1 9 5 2 ).
The t o t a l  e l e c t r i c  and m ag n etic  m u l t ip o le  t r a n s i t i o n  
p r o b a b i l i t i e s  a r e  found  t o  d e c re a se  r a p id ly  w ith  in c r e a s in g
^ so  t h a t  o n ly  th e  lo w es t o r  p e rh ap s  lo w e s t two v a lu e s  o f  i  
p e rm it te d  by th e  s e l e c t i o n  r u le  w i l l  c o n t r ib u te  s i g n i f i c a n t l y  
in  any e x p e r im e n ta l s i t u a t i o n .  F o r s im p le  a ssu m p tio n s
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ab o u t th e  n u c le u s  th e  m ag n etic  m u lt ip o le  t r a n s i t i o n ,
i s  c a lc u la te d  to  be ab o u t 10 tim e s  w eaker th a n  th e
c o rre sp o n d in g  e l e c t r i c  m u l t ip o le ,  E i .  Thus a p p re c ia b ly
more m ix ing  i s  l i k e l y  when th e  s e l e c t i o n  r u l e s  p e rm it M£
and E (i + 1 ) t r a n s i t i o n s  th a n  in  th e  co n v e rse  s i t u a t i o n .
I n  v iew  o f th e  su c c e s s  o f  th e  s in g le  p a r t i c l e  s h e l l
m odel i n  d e s c r ib in g  some p r o p e r t i e s  o f  low  ly in g  n u c le a r
s t a t e s  i t  ap p e a red  w orthw h ile  t o  c a lc u l a t e  th e  t r a n s i t i o n
p r o b a b i l i t i e s  f o r  a s in g le  p a r t i c l e  t r a n s i t i o n .  Making
th e  s im p le s t  p o s s ib le  a ssu m p tio n  ab o u t th e  n u c le a r  wave
f u n c t io n ,  i . e .  t h a t  th e  r a d i a l  wave f u n c t io n  i s  a  c o n s ta n t
in s id e  th e  n u c le u s  and d ro p s  t o  z e ro  a t  th e  n u c le a r  l i m i t ,
W eisskopf (1952) e s t im a te d  th e  e l e c t r i c  t r a n s i t i o n
p r o b a b i l i t y .  The m ag n etic  one i s  d e te rm in ed  from  g e n e ra l
argum ents show ing t h a t  th e  m ag n e tic  m u lt ip o le  m a tr ix
e lem en t sh o u ld  be a f a c t o r  o f  —^  s m a lle r  th a n  th eMcR
c o rre sp o n d in g  e l e c t r i c  m u lt ip o le  moment b u t t h a t  th e  
i n t r i n s i c  m ag n e tic  moment c o n t r ib u te s  2 o r  5 tim e s  a s  
much. Thus th e  m ag n e tic  t r a n s i t i o n  p r o b a b i l i t y ,  p ro p o r ­
t i o n a l  to  th e  sq u a re  o f th e  m a tr ix  e lem en t i s  a p p ro x im a te ly
1 0 f'— )^ s m a lle r  th a n  th e  e q u iv a le n t  e l e c t r i c  t r a n s i t i o n
\MCR/
p r o b a b i l i t y .  These assu m p tio n s  p e rm it th e  e x p re s s io n  o f  
th e  t r a n s i t i o n  p r o b a b i l i t i e s  in  te rm s  o f th e  n u c le a r  r a d iu s ,
th e  en e rg y  o f  th e  t r a n s i t i o n  and th e  m u l t i p o l a r i t y .
B e t t e r  ap p ro x im a tio n s  t o  th e  s in g le  p a r t i c l e  wave 
fu n c t io n s  a r e  ex p e c te d  t o  red u ce  th e s e  v a lu e s ,  owing t o  th e
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s m a lle r  o v e r la p  o f  th e  i n i t i a l  and f i n a l  s t a t e  r a d i a l  wave 
f u n c t io n s  so a low er l i m i t  can  he p la c e d  on th e  l i f e t im e  
o f  th e  e x c i te d  s t a t e s  i n  th e  s in g le  p a r t i c l e  a p p ro x im a tio n .
O th er n u c le a r  m odels w i l l ,  how ever, g iv e  q u i te  
d i f f e r e n t  r e s u l t s .  The c o l l e c t i v e  model f o r  in s ta n c e  
p r e d ic t s  v e ry  f a s t  E2 t r a n s i t i o n s  c o n n e c tin g  r o t a t i o n a l  
s t a t e s  (B ohr, 1 9 5 5 ). The e x p e r im e n ta l  r e s u l t s  i n  th e  
r e g io n  90 — N — 112 show t r a n s i t i o n  p r o b a b i l i t i e s  ab o u t 
100 tim e s  g r e a t e r  th a n  th e  s in g le  p a r t i c l e  e s t im a te .  The 
la rg e  s t a t i c  e l e c t r i c  q u ad ru p o le  moments w hich  o cc u r in  
th e  same r e g io n  o f  th e  p e r io d ic  t a b l e  co n firm  th e  e x is te n c e  
o f  s t r o n g ly  deform ed n u c le i  w hich a r e  e x p e c te d  t o  show 
th e s e  r o t a t i o n a l  s p e c t r a  w ith  th e  enhanced  t r a n s i t i o n  
p r o b a b i l i t i e s  a s s o c ia te d  w ith  c o l l e c t i v e  n u c le a r  m o tio n s .
The p r o b a b i l i t y  a s s o c ia te d  w ith  a  Y -ray  t r a n s i t i o n  
th u s  depends on th e  s p in s  and p a r i t i e s  o f  i n i t i a l  and 
f i n a l  n u c le a r  s t a t e s  and a l s o  on th e  d e t a i l s  o f  th e  n u c le a r  
wave f u n c t io n .  Thus i f  th e  l i f e t i m e  o f  an  e x c i t e d  s t a t e  
and th e  m u l t i p o l a r i t y  o f  th e  t r a n s i t i o n  a r e  known th e  
v a l i d i t y  o f  a l t e r n a t i v e  d e s c r ip t io n s  o f  th e  n u c le u s  may be 
t e s t e d ,  o r  i n  r e g io n s  where a  p a r t i c u l a r  m odel i s  known to  
be a p p l ic a b le  th e  m u l t i p o l a r i t y  may be deduced from  th e  
m easured t r a n s i t i o n  p r o b a b i l i t y  and in fo rm a tio n  may be 
i n f e r r e d  ab o u t th e  ground and e x c i te d  s t a t e s  o f  th e  n u c l e i .
These t h e o r e t i c a l  id e a s  abou t e m iss io n  and a b s o rp t io n  
t r a n s i t i o n  p r o b a b i l i t i e s  w i l l  be se e n  to  p la y  an im p o rta n t





Fis:. 1 . 2
The c r o s s  s e c t i o n  f o r  th e  ( y , n )  r e a c t i o n  in  Pb 
( ^ o n t a l b e t t i ,  195?)
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r o l e  in  th e  a n a ly s i s  o f th e  fo rm a tio n  and d ecay  o f th e  
is o m e r ic  s t a t e s  in  and Mo^^ and in  th e  a n a ly s i s  o f
th e  com plex d ecay  scheme of
1 .4  E x p e r im e n ta l I n v e s t i g a t io n s
Many f i e l d s  o f  e x p e r im e n ta l work have c o n t r ib u te d  th e  
r e s u l t s  on w hich th e  above th e o r i e s  a re  b ased  and to  ^ i c h  
th e y  can be a p p l ie d .  T hree p a r t i c u l a r  ty p e s  o f  i n v e s t i g a t i o n  
w hich  a re  r e le v a n t  t o  th e  e x p e rim e n ts  d e s c r ib e d  in  t h i s  
t h e s i s  a re  b r i e f l y  rev iew ed  below .
( i )  P h o to d is in te g r a t io n
S tu d ie s  o f th e  i n t e r a c t i o n  o f e le c tro m a g n e t ic  r a d i a t i o n  
w ith  n u c le i  in c lu d e  n o t o n ly  th e  e m is s io n , b u t a l s o  th e  
a b s o r p t io n  of Y- r a y s . I f  s u f f i c i e n t  e n e rg y  i s  im p a rted  to  
t h e  n u c le u s  by an  incom ing p h o to n  a  n u c leo n  o r  l i g h t  n u c le u s  
(d e u te ro n , (X -p a r t ic le ) may be e m it te d .  E x te n s iv e  e x p e r i ­
m ents on t h i s  phenomenon o f  p h o to d i s in te g r a t io n  have 
r e v e a le d  c e r t a i n  f e a t u r e s  common t o  e le m e n ts  th ro u g h o u t 
th e  p e r io d ic  t a b l e .
I f  th e  c ro s s  s e c t io n  f o r  a p a r t i c u l a r  r e a c t i o n  such  
a s  th e  a b s o rp t io n  o f a  Y -ray by a  pb&08 n u c le u s  fo llo w e d  
by th e  e m iss io n  o f a  n e u tro n  (p b ^ 0 9 (y ,n )P b ^ ^ ^ ) i s  s tu d ie d  
a s  a  f u n c t io n  o f th e  Y -ray  e n e rg y  i t  i s  fou n d  t o  v a ry  a s  
shown in  f i g .  1 .2 .  S im ila r  c u rv e s  have been  o b se rv ed  f o r  
a  l a r g e  number o f  p h o to n u c le a r  r e a c t io n s  and th e  g e n e ra l  
c h a r a c t e r i s t i c s  o f  a b ro ad  peak  o c c u r r in g  a t  an  en e rg y  a
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few  MeY above th e  th r e s h o ld  f o r  th e  r e a c t io n  ( th e  b in d in g  
en e rg y  o f  th e  e m itte d  p a r t i c l e )  a p p e a r  to  be common t o  a l l  
such  r e a c t io n s .
The v a r i a t i o n  th ro u g h o u t th e  p e r io d ic  t a b l e  o f th e  
fo llo w in g  p a ra m e te rs  co n n ec ted  w i th  th e s e  p eak s h as  been 
o b se rv ed  and t h e o r e t i c a l  a t te m p ts  have b een  made to  e x p la in  
them :
( i )  Smax. th e  y - r a y  e n e rg y  f o r  w hich  th e  maximum c ro s s  
s e c t io n  o c c u rs .
( i i )  o"in t. i n t e g r a te d  c ro s s  s e c t io n  ( th e  u p p e r l i m i t  
o f  i n t e g r a t i o n  f o r  many o f  th e  e x p e r im e n ta l r e s u l t s  
i s  o f te n  im posed by th e  e n e rg y  o f th e  a v a i la b le  
b re m ss tra h lu n g  a t  23 o r  30 MeY. F o r com parison  w ith  
th e o ry  th e  l i m i t  i s  se ldom  ta k e n  above ab o u t 100 MeY 
b ecau se  o f e f f e c t s  co n n ec ted  w ith  meson p ro d u c tio n  
w hich become im p o rta n t above t h i s  e n e rg y ) .
(Hi ) AS th e  f u l l  w id th  a t  h a l f  maximum o f  th e  re s o n a n c e .
The peeik i n  a  p a r t i c u l a r  r e a c t i o n  c ro s s  s e c t io n ,  such  
a s  < r(y ,n ), m ight a r i s e  from  th e  co m b in a tio n  o f  two in d ep en ­
d e n t e f f e c t s .  The r i s e  m ight be due t o  th e  e n e rg y  dependence 
o f th e  y - ra y  a b s o rp t io n  p r o b a b i l i t y  and th e  f a l l  be caused  
by th e  in c r e a s in g  c o m p e ti t io n  from  o th e r  p o s s ib le  modes o f 
decay  o f th e  in te rm e d ia te  n u c le u s  such  as  th e  e m iss io n  o f
two n e u t ro n s .  A l t e r n a t iv e ly  th e  peak  m ig h t show th e  
p re se n ce  o f  a  re so n an ce  e f f e c t  i n  th e  Y -ray  a b s o rp t io n  
p ro c e s s .  The fo rm er e x p la n a t io n  was p ro v en  w rong, a t  l e a s t
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f o r  th e  p h o to d is in te g r a t io n  o f  Ou^^, by e x p e rim e n ts  w hich 
showed th e  (y ,2 n )  y i e ld  t o  be sm a ll compared t o  th e  (V ,n) 
y ie ld  from  t h i s  i s o to p e  even  f o r  peak  b re m ss tra h lu n g  
e n e rg ie s  w e l l  above th e  (Y ,2n) th r e s h o ld  (P e rlm an , 1 9 4 8 ). 
The l a t t e r  e x p la n a t io n  em phasized  th e  im p o rtan ce  o f  th e  
v a r i a t i o n  o f  th e  Y -ray  a b s o rp t io n  c ro s s  s e c t io n  a s  a 
f u n c t io n  o f Y -ray  e n e rg y . A s u f f i c i e n t l y  e x c i te d  n u c le u s  
may, how ever, em it one o r  more o f a  number o f  d i f f e r e n t  
p a r t i c l e s  and th e  t h e o r e t i c a l l y  im p o rta n t a b s o rp t io n  c ro s s  
s e c t io n  i s  a sum o f  a l l  p o s s ib le  A (Y ,x) c ro s s  s e c t io n s  
where A s ta n d s  f o r  th e  i n i t i a l  n u c le u s  and x r e p r e s e n ts  
th e  e m it te d  p a r t i c l e  o r  Y -ray  s in c e  we m ust a l s o  c o n s id e r  
th e  p o s s i b i l i t y  o f r e - e m is s io n  o f  a  Y -ray . Most o f  th e  
e x p e r im e n ta l r e s u l t s  w ere o b ta in e d  f o r  (Y ,n) r e a c t io n s :  in  
o n ly  a few  i s o l a t e d  c a se s  w ere s e v e r a l  c ro s s  s e c t io n s  
m easured f o r  th e  same i n i t i a l  i s o to p e  and e s t im a te s  th u s  
made o f t o t a l  Y -ray a b s o rp t io n  c ro s s  s e c t i o n s .  As Z 
in c r e a s e s ,  how ever, t h i s  l i m i t a t i o n  becomes l e s s  s e r io u s  
because th e  e m iss io n  o f  one o r two n e u tro n s  r a p id ly  becomes 
p redom inan t o v er o th e r  modes o f  d e - e x c i t a t i o n  owing to  th e  
in c r e a s in g  p o t e n t i a l  b a r r i e r  w hich ch a rg ed  p a r t i c l e s  have 
to  p e n e t r a te  vAien le a v in g  th e  n u c le u s .  Thus f o r  heavy  
e lem en ts  a  m easure o f  th e  n e u tro n  e m iss io n  o r  th e  r e s id u a l  
r a d i o a c t i v i t i e s  p roduced  by (Y ,n) and (Y ,2n) r e a c t io n s  can 
g iv e  a c lo s e  ap p ro x im a tio n  to  th e  t o t a l  Y -ray  a b s o rp t io n  
c ro s s  s e c t io n .  A ttem p ts  w ere th e r e f o r e  made to  fo rm u la te
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t h e o r i e s  w hich would p r e d ic t  b o th  th e  re so n a n c e  e n e rg y ,
®jnax.» and th e  t o t a l  a b s o rp t io n  s t r e n g t h ,  th e
b ro ad  p e a k s , known a s  " g ia n t  re s o n a n c e s " .
An e a r l y  th e o ry  o f th e s e  re so n a n c e s  (G o ld h ab er, 1 9 4 8 ), 
p ro p o sed  o s c i l l a t i o n s  o f  a l l  th e  p ro to n s  o f  th e  n u c le u s  
r e l a t i v e  to  a l l  th e  n e u t ro n s .  The incom ing p h o to n  co u ld  
th u s  e x c i te  e l e c t r i c  d ip o le  v ib r a t i o n s  i n  th e  n u c le u s .
T hree d i f f e r e n t  modes o f o s c i l l a t i o n  were s u g g e s te d : th e  
f i r s t  in v o lv e d  harm onic v ib r a t i o n s  o f  each  p ro to n  abou t 
i t s  e q u i l ib r iu m  p o s i t i o n  and p r e d ic te d  a c o n s ta n t  re so n a n ce  
e n e rg y , in d ep en d en t of A. The se co n d , i n  w hich th e  n u c le a r  
s u r fa c e  rem ained  f ix e d  and n e u tro n  and p ro to n  d e n s i ty  
v a r i a t i o n s  were e x c i te d  w ith in  th e  n u c le a r  volum e, p r e d ic te d  
^m ax. ^  F in a l l y ,  a  m odel, i n  w hich th e  n e u tro n s  and
p ro to n s  w ere c o n s id e re d  a s  two in te rm in g le d  and in c o m p re ss ib le  
f l u i d s  w hich co u ld  be d is p la c e d  w ith  r e s p e c t  to  one a n o th e r ,  
was used  to  p e rfo rm  more d e t a i l e d  c a l c u l a t i o n s .  The r e s u l t i n g  
v a r i a t i o n  o f  th e  r e s o n a n t  en e rg y  w ith  mass num ber,
Egjax. ^  ag ree d  w ith  th e  c u r r e n t  e x p e r im e n ta l  r e s u l t s .
The fo rm u la  f o r  c o n ta in e d  two p a ra m e te rs  one depend ing
on th e  s lo p e  o f th e  n u c le a r  p o t e n t i a l  a t  th e  n u c le a r  
boundary  and th e  o th e r  on th e  e n e rg y  o f i n t e r a c t i o n  o f a 
n e u tro n  and p ro to n . W ith re a s o n a b le  v a lu e s  f o r  th e s e  
p a ra m e te rs  th e  fo rm u la  gave v a lu e s  f o r  f o r  ca rb o n
and co p p er in  good agreem ent w ith  th e  o b se rv e d  maxima o f 
th e  (Y ,n) c ro s s  s e c t io n s .
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C a lc u la t io n s  based  on th e  seco n d  m odel, w hich  con­
s id e r e d  n e u tro n -p ro to n  o s c i l l a t i o n s  w i th in  a  f ix e d  n u c le a r  
s u r f a c e ,  were ex ten d ed  by o th e r  a u th o r s  (S te in w e d e l, 1950 
and D anos, 1 9 5 2 ). They a g a in  fo u n d  th e  r e s o n a n t  e n e rg y  to  
be in v e r s e ly  p r o p o r t io n a l  t o  th e  n u c le a r  r a d iu s ,  R, b u t 
a l s o  o b ta in e d  th e  c o n s ta n t  o f  p r o p o r t i o n a l i t y  
MeV u s in g  r ^  = 1 .4 2  and R = 10"^® cm. T h is  v a lu e
i s  r a t h e r  low  when compared w ith  e x p e r im e n ta l  r e s u l t s  b u t 
Tq = 1.2 i s  p ro b a b ly  a b e t t e r  v a lu e  and t h i s  would im prove 
th e  v a lu e  f o r
N e ith e r  m odel makes q u a n t i t a t i v e  p r e d ic t io n s  ab o u t th e  
w id th  o f th e  g ia n t  re so n a n ce  a l th o u g h  G oldhaber and T e l l e r  
su g g e s t t h a t  c o u p lin g  betw een th e  p ro to n -n e u tro n  o s c i l l a t i o n  
and o th e r  p o s s ib le  m o tions o f th e  n u c leo n s  b ro ad en s  th e  
r e s o n a n c e .
Any s a t i s f a c t o r y  th e o ry  m ust a l s o  p r e d i c t  a  v a lu e  o f  
^ i n t .  ag reem ent w ith  e x p e r im e n t. The above th e o r i e s  
and th e  e x p e r im e n ta l r e s u l t s  w hich th e y  s e t  o u t t o  e x p la in  
showed th e  im p o rtan ce  o f  d ip o le  a b s o r p t io n  in  th e  n u c le a r  
p h o to e f f e c t .  The Thomas-Re ich e-E u h n  sum r u le  f o r  th e  
a b s o rp t io n  o f  d ip o le  r a d i a t i o n  by th e  e l e c t r o n s  i n  an  atom  
was ex ten d ed  to  a p p ly  i t  t o  th e  n u c le u s  (L e v in g e r , 1 9 5 0 ).
I t  was shown t h a t  c o n s id e r in g  th e  m otions o f  n u c le o n s  w ith
r e s p e c t  t o  th e  n u c le a r  c e n te r  o f  mass th e  p ro to n s  had an
e f f e c t i v e  charge  eS  and th e  n e u tro n s  a l s o  c o n t r ib u te d  w ith
A
an  e f f e c t i v e  ch a rg e  -  e ^ .  Summing c o n t r ib u t io n s  from  a l l  
p o s s ib le  d ip o le  t r a n s i t i o n s  o f  a l l  th e  n u c le o n s  gave th e
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r e s u l t  Oj^nt. “  0.015A MeV b a rn s  in  th e  ap p ro x im a tio n  
N =  Z =  g .  T h is  r e s u l t  r e q u i r e s  f u r t h e r  c o r r e c t io n ,  
how ever, t o  ta k e  acco u n t o f  th e  exchange n a tu re  o f  th e  
n u c le a r  f o r c e  and sh o u ld  be m o d if ie d  t o  0 * 0 1 5 A (1 + 0 .8 x )
MeY-barns v h e re  x i s  th e  f r a c t i o n  o f th e  n u c le a r  f o r c e  w hich 
h a s  exchange c h a r a c te r ,  a  r e s u l t  w hich  i s  c o n s i s t e n t  w ith  
th e  e x p e r im e n ta l  d a ta .
As b o th  th e  above m en tioned  c o l l e c t i v e  m odels o f p h o to ­
d i s i n t e g r a t i o n  in v o lv e  a l l  th e  n u c leo n s  th e y  can  be e x p e c te d  
t o  g iv e  th e  f u l l  a b s o rp t io n  s t r e n g th s  p r e d ic te d  by t h i s  sum 
r u l e .
I n  th e  second p a r t  o f  a  p h o to n u c le a r  r e a c t i o n  th e  
e x c i te d  n u c le u s  e m its  one o r  more n u c le o n s . B o th  th e  
above m odels p r e d ic te d  a s h a r in g  o f th e  Y -ray e n e rg y  by 
a l l  th e  n u c le o n s  an d , t h e r e f o r e ,  th e  su b se q u en t e m iss io n  
o f p a r t i c l e s  sh o u ld  be d e s c r ib e d  by th e  s t a t i s t i c a l  th e o ry  
o f th e  compound n u c le u s  w hich had been s u c c e s s f u l ly  a p p l ie d  
t o  o th e r  ty p e s  of n u c le a r  r e a c t i o n s .  F o r h e a v ie r  n u c le i  
p ro to n  e m iss io n  would be e x p e c te d  to  be s t r o n g ly  i n h ib i t e d  
r e l a t i v e  t o  n e u tro n  e m is s io n . M easurem ents f o r  e lem e n ts  
n e a r  A = 100 w ith  1 7 .6  MeY Y -rays ( H i r z e l ,  1947) showed 
(y ,p )  c ro s s  s e c t io n s  o f a  few  p e r  c e n t o f  th e  c o rre sp o n d in g  
(Y ,n) c ro s s  s e c t io n s .  The s t a t i s t i c a l  th e o ry  p r e d ic te d  
v a lu e s  o f  betw een 10“® and 10“® in  t h i s  r e g io n  so
th e  e x p e rim e n ta l v a lu e s  were 20 to  1000 t im e s  h ig h e r  th a n  
th e  t h e o r e t i c a l  o n es . To ac co u n t f o r  th e s e  r e s u l t s  i t  was 
su g g e s te d  t h a t  m ost o f  th e  p ro to n  e m is s io n  was due t o  th e
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a b s o rp t io n  o f th e  Y -ray en e rg y  by a  s in g le  p ro to n  w bioh was 
th e n  d i r e c t l y  e m it te d  b e fo re  s h a r in g  i t s  e n e rg y  w ith  o th e r  
n u c leo n s  (C o u ra n t, 1 9 5 1 ). A co m b in a tio n  o f  t h i s  d i r e c t  
n u c le a r  p h o to e f f e c t  and th e  c o l l e c t i v e  m odels co u ld  th e n  
acco u n t f o r  b o th  th e  ( y ,n ) and (Y ,p) e x p e r im e n ta l  r e s u l t s .
A th e o ry  h a s ,  how ever, been  p ro p o sed  w hich c o n s i s t e n t l y  
e x p la in s  th e  c u r r e n t  knowledge o f  p h o to d i s in te g r a t io n  in  
te rm s  o f a  s in g le  m odel o f th e  p h o to n u c le a r  r e a c t i o n .  
F u rth e rm o re  i t  acknow ledges th e  s u c c e s s  o f th e  in d ep en d en t 
p a r t i c l e  m odel (IPM) in  d e s c r ib in g  th e  i n i t i a l  s t a t e  o f  
th e  n u c le u s  and a s s ig n s  th e  Y-ray a b s o rp t io n  t o  s in g le  
p a r t i c l e  t r a n s i t i o n s  betw een s h e l l  m odel s t a t e s  (W ilk in so n , 
1954 and 1 9 5 6 a ). A d i f f i c u l t y  in  t h i s  th e o ry  im m ed ia te ly  
a r i s e s  because  th e  agreem ent betw een  th e  sum r u l e s  and th e  
e x p e rim e n ta l c ro s s  s e c t io n s  im p l ie s  t h a t  a l l  th e  n u c leo n s  
c o n t r ib u te  t o  th e  a b s o rp t io n .  But n u c le o n s  i n  th e  lo w er 
s h e l l s  can n o t make d ip o le  t r a n s i t i o n s  o f  en e rg y  a p p r o p r ia te  
to  th e  g ia n t  re so n an ce  because  th e  f i n a l  s t a t e s  a re  a l r e a d y  
o cc u p ied . I t  th e r e f o r e  a p p e a rs  t h a t  th e  n u c le o n s  in  th e  
few  c lo s e d  sub s h e l l s  n e a r e s t  t o  th e  to p  o f  th e  p o t e n t i a l  
w ith  a v a i l a b le  f i n a l  s t a t e s  can n o t acco u n t f o r  th e  t o t a l  
a b s o rp t io n  s t r e n g t h .  W ilk in so n  h a s  shown, how ever, t h a t  
s in g le  p a r t i c l e  t r a n s i t i o n s  w hich com plete a  sub  s h e l l  a re
ex p e c te d  t o  be s t r o n g ly  fa v o u re d  (W ilk in so n , 1956b) and  
a b s o rp t io n s  t h a t  d i s r u p t  c lo s e d  s h e l l s  sh o u ld  be s im i l a r l y  
enhanced . The lo w er ly in g  n u c le o n s  a l s o  c o n t r ib u te  by
28
p re v e n t in g  downward t r a n s i t i o n s ,  in d u ced  e m is s io n s ,  w hich 
i f  a llo w ed  would d e t r a c t  from  th e  a b s o rp t io n  s t r e n g th  o f  
a p a r t i c u l a r  l e v e l .  Thus th e  a v a i la b le  s in g le  p a r t i c l e  
d ip o le  t r a n s i t i o n s  a re  shown t o  a c c o u n t f o r  th e  o b se rv ed  
g ia n t  re so n an ce  a b s o rp t io n  (W ilk in so n , 1 9 5 6 a ) .
The n e a r  e q u a l i t y  o f th e  en e rg y  o f  th e  v a r io u s  
t r a n s i t i o n s ,  w hich g iv e s  th e  re so n a n ce  n a t u r e ,  i s  a l s o  
shown to  be c o n s is te n t  w ith  the  1PM. The w id th  o f  th e  
re so n an ce  i s  a t t r i b u t e d  to  th r e e  e f f e c t s  ( i )  a  s l i g h t  
v a r i a t i o n  in  th e  e n e rg ie s  o f th e  c o n t r ib u t in g  t r a n s i t i o n s ,
( i i )  a  b ro ad en in g  o f th e  s h e l l  m odel s t a t e  by th e  i n t e r ­
a c t io n  o f th e  e x c i te d  n u c leo n  w ith  th e  re m a in d e r  o f th e  
n u c le o n s  and ( i i i )  c o u p lin g  betw een  th e  n u c le o n s  o u ts id e  
c lo s e d  s h e l l s  and  th e  c o r e .
I n  a  h ig h ly  e x c i te d  s t a t e  th e  IPM g iv e s  a  l e s s  v a l id  
ap p ro x im a tio n  to  th e  a c tu a l  n u c le a r  p r o p e r t i e s  th a n  in  th e  
ground s t a t e  because th e  i n t e r a c t i o n s  w ith  o th e r  n u c le o n s , 
w hich in  th e  ground s t a t e  a r e  p re v e n te d  by th e  la c k  o f 
u n o ccu p ied  f i n a l  s t a t e s ,  a r e  in  th e  e x c i te d  s t a t e  a llo w e d . 
I f  a  n u c leo n  i s  e x c i te d  by  Y -ray a b s o rp t io n  th e r e  i s  a  
c o n s id e ra b le  p r o b a b i l i t y  o f  i t  s c a t t e r i n g  o th e r  n u c leo n s  
and th u s  s h a r in g  i t s  e n e rg y . The r e s u l t  i s  a  compound 
n u c le u s .  I f  th e  Y -ray  en e rg y  i s  above th e  b in d in g  en e rg y  
a  p a r t i c l e  may be e m it te d :  e i t h e r  th e  e x c i te d  n u c le a n  may 
e scap e  b e fo re  i n t e r a c t i o n  o r  th e  compound n u c le u s  may em it 
a n o th e r  p a r t i c l e .  The l a t t e r  p ro c e s s  i s  d e s c r ib e d  by th e
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s t a t i s t i c a l  th e o ry  o f th e  decay  o f  th e  compound n u c le u s  
worked ou t f o r  n u c le a r  r e a c t io n s  (W eisskopf, 1 9 5 2 ). The 
fo rm e r, named by W ilk in so n  th e  " re so n an ce  d i r e c t "  e f f e c t ,  
a c c o u n ts  f o r  th e  o b serv ed  (y ,p )  c ro s s  s e c t io n s  f o r  heavy 
n u c le i  b e in g  h ig h e r  th a n  th o s e  p r e d ic te d  by  th e  s t a t i s t i c a l  
th e o ry ,  and f o r  th e  e x c e ss  o f h ig h  en e rg y  p ro to n s  and 
n e u t ro n s .  The r e l a t i v e  c o n t r ib u t io n s  o f  th e  two e f f e c t s  
can  be d e s c r ib e d  in  te rm s  o f th e  en e rg y  o f  e x c i t a t i o n ,  th e  
s iz e  o f th e  n u c le u s , th e  b a r r i e r  (coulom b o r  c e n t r i f u g a l )  
w hich th e  p ro to n  o r  n e u tro n  m ust p e n e t r a t e , and  th e  s t r e n g th  
o f th e  i n t e r a c t i o n  betw een  th e  e x c i te d  n u c leo n  and th e  
rem a in d e r o f  th e  n u c le o n s . The l a s t  te rm  i s  r e l a t e d  to  th e  
im ag in a ry  p a r t  of th e  p o t e n t i a l  w hich g iv e s  th e  a b s o rp t io n  
in  th e  o p t i c a l  m odel, and in fo rm a tio n  ab o u t i t s  s t r e n g th  
can  be o b ta in e d  from  o th e r  n u c le a r  r e a c t i o n s .
A ll  o f th e s e  t h e o r i e s  o f  p h o to d is in te g r a t io n  a r e  o f  a 
v e ry  ap p ro x im ate  n a tu r e .  I n s u f f i c i e n t  in fo rm a tio n  i s  
a v a i la b le  a b o u t th e  n u c le a r  wave f u n c t io n s  t o  a llo w  e x a c t 
p r e d ic t io n s :  most o f  th e  e x p e r im e n ta l e v id en ce  d e a ls  w ith  
b road  f e a t u r e s  o f  th e  g ia n t  re s o n a n c e . Each th e o ry  c o n ta in s  
s u f f i c i e n t  a d ju s ta b le  p a ra m e te rs ,  such  a s  th e  shape and 
d e p th  o f th e  p o t e n t i a l  w e ll  u sed  t o  c a l c u l a t e  th e  in d e p en d en t 
p a r t i c l e  en e rg y  l e v e l s ,  t o  a l lo w  i t  t o  f i t  th e  e x p e r im e n ta l
r e s u l t s *
The s h e l l  m odel i n t e r p r e t a t i o n  a p p e a rs  p r e f e r a b le ,  
how ever, because  i t  i s  an  e x te n s io n  o f  th e  th e o ry  w hich i s
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known to  be v e ry  u s e f u l  i n  d e s c r ib in g  low en e rg y  n u c le a r  
p r o p e r t i e s  and a l s o  because i t  p o s tu l a t e s  o n ly  one 
a b s o rp t io n  mechanism  w hereas th e  e a r l i e r  t h e o r i e s  r e q u ir e  
two q u i te  s e p a ra te  m echanism s, one f o r  th e  d i r e c t  p h o to -  
e f f e c t  and th e  o tb s r  f o r  th e  c o l l e c t i v e  o s c i l l a t i o n s  w hich 
le a d  to  th e  g ia n t  reso n an ce  and compound n u c le u s  fo rm a tio n *
The r e s u l t s  o f th e  e x p e rim e n ts  on Pb^® ® (ï,n)Pb^^'^, 
d e s c r ib e d  in  c h a p te r  I I ,  a p p e a r  t o  add  ev id en ce  i n  fa v o u r  
o f th e  W ilk in so n  th e o r y .
( i i )  Iso m e ric  s t a t e s
P h o to d is in te g r a t io n  e x p e rim e n ts  a re  co n cern ed  m a in ly  
w ith  th e  a b s o rp t io n  o f e le c tro m a g n e t ic  r a d i a t i o n .  In fo rm a tio n  
c o n c e rn in g  th e  em iss io n  o f  Y -rays can  a l s o  c o n t r ib u te  to  o u r  
u n d e rs ta n d in g  of th e  n u c le u s .
The s e l e c t i o n  r u l e  s t a t e d  i n  s e c t io n  1 .5  im p l ie s  t h a t  
r a d i a t i o n  c o n n e c tin g  two n u c le a r  s t a t e s  m ust be o f  m u lt ip o le  
o rd e r  a t  l e a s t  e q u a l to  th e  d i f f e r e n c e  betw een th e  i n i t i a l  
and f i n a l  a n g u la r  momenta. As th e  t r a n s i t i o n  p r o b a b i l i t i e s  
d e c re a se  r a p id ly  w ith  in c r e a s in g  m u l t ip o la r i t y ,  Y-ray e m iss io n  
l i f e t i m e s  w i l l  depend s t r o n g ly  on th e  s p in  change in v o lv e d .
I n  1917 F . Soddy su g g e s te d  t h a t  n u c le i  w ith  th e  same Z 
and th e  same A m ight be a b le  to  d ecay  i n  d i f f e r e n t  m an n ers , 
and p roposed  th e  name " iso m ers"  f o r  such  n u c l e i .  Not u n t i l  
1938 (F e a th e r ,  1938) was i t  d e f i n i t e l y  p ro v ed  t h a t  such  a 
phenomenon co u ld  e x i s t .  Many exam ples have s in c e  been found 
and th e  te rm  iso m e ric  s t a t e  i s  now o f te n  a p p l ie d  to  any
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n u c le a r  e x c i te d  s t a t e  whose l i f e t i m e  i s  e x p e r im e n ta l ly  
m e a s u ra b le •
The lo n g  l iv e d  e x c i te d  s t a t e s  w ere soon se e n  to  form  
w e l l  d e f in e d  g roups i n  th e  p e r io d ic  t a b l e  j u s t  below  some 
o f  the  l a r g e r  c lo s e d  s h e l l s .  The i n t e r p r e t a t i o n  o f t h i s  
phenomenon in  te rm s  o f  th e  IPM i s  s t r a ig h t f o r w a r d  f o r  th e s e  
a r e  j u s t  th e  r e g io n s  where s t a t e s  o f  h ig h  a n g u la r  momentum 
a r e  b e in g  f i l l e d  and where th e  m odel p r e d i c t s  a d ja c e n t  
s t a t e s  o f  w id e ly  d i f f e r e n t  a n g u la r  momenta. The known 
is o m e r ic  s t a t e s  have been  c l a s s i f i e d  a c c o rd in g  to  t h e i r  
m u l t i p o l a r i t y  (G o ld h ab er, 1951 and 1 9 5 2 ). When th e  
m easured  l i f e t i m e s  were p lo t t e d  a g a in s t  e n e rg y  th e  d i f f e r e n t  
m u l t i p o l a r i t i e s  w ere w e l l  s e p a r a te d .  The M4 t r a n s i t i o n s  in  
p a r t i c u l a r  l a y  v e ry  c lo s e  t o  a  p lo t  o f  th e  t h e o r e t i c a l  
l i f e t i m e s  p r e d ic te d  by W eissk o p f. V alu es  o f K c o n v e rs io n  
c o e f f i c i e n t s  and K to  L c o n v e rs io n  r a t i o s  a s s i s t e d  i n  th e  
a ss ig n m e n t o f th e  m u l t i p o l a r i t i e s  and a l l  th e  known d ecay  
schem es l i s t e d  by G o ldhaber and H i l l  were in  conco rd  w ith  
th e  s t a t e s  ex p e c te d  from  th e  s t r o n g  s p i n - o r b i t  c o u p lin g  
s h e l l  m odel.
T h ere  rem a in ed , how ever, p rob lem s in  th e  i n t e r p r e t a t i o n  
o f  th e  t r a n s i t i o n  p r o b a b i l i t i e s .  The fo rm u lae  o f  W eisskopf were 
b ased  on th e  s im p le s t  p o s s ib le  a s su m p tio n  o f  th e  r a d i a t i o n  
b e in g  e n t i r e l y  due t o  one p ro to n  m oving in  th e  f i e l d  o f th e  
o th e r  n u c le o n s . Thus s p e c i f i c  p r o p e r t i e s  o f  th e  n u c le a r  
wave f u n c t io n s  were e x p e c te d  to  p roduce  w ide d iv e rg e n c e s
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b etw een  th e  p r e d ic te d  and m easured  l i f e t i m e s .  Such were 
o b se rv e d  f o r  th e  E 3 , E4 and M3 t r a n s i t i o n s .  But th e  M4 
t r a n s i t i o n s  form ed a rem a rk ab ly  homogeneous group in c lu d in g  
b o th  o d d -p ro to n  and o d d -n e u tro n  t r a n s i t i o n s .  A cco rd ing  t o  
W eisskopf*s th e o ry  th e  l a t t e r  sh o u ld  be much lo n g e r  l iv e d  
th a n  th e  fo rm e r .
F u r th e r  e x p e r im e n ta l work w as, t h e r e f o r e ,  o f  v a lu e  to  
see  i f  t h i s  ag reem en t w ould be co n firm ed  o r d e n ie d  by new ly 
d is c o v e re d  iso m e rs . T h is  i n t e r e s t  i n  M4 t r a n s i t i o n s  p ro v id ed  
p a r t  o f  th e  in c e n t iv e  to  c l a r i f y  th e  decay  scheme o f  Mo^l 
i t^ ic h  e x h i b i t s  such  a  t r a n s i t i o n .
( i i i )  S tu d ie s  o f decay  schemes
The c o l l e c t i o n  o f e x p e r im e n ta l in fo rm a tio n  on iso m e ric  
s t a t e s  i s  a  s p e c ia l iz e d  b ran ch  o f  th e  g e n e ra l  f i e l d  o f  s tu d y  
o f  r a d io a c t iv e  decay  schem es.
D ata  on th e  e n e r g i e s ,  s p in s  and  p a r i t i e s  o f  low  ly in g  
n u c le a r  l e v e l s  can  o f te n  be o b ta in e d  from  i n v e s t ig a t io n s  o f  
th e  /3 - t r a n s i t io n s  and th e  a s s o c ia te d  Y -ra y s  i n  th e  d ecay  o f 
r a d io a c t iv e  n u c l e i .  The th e o ry  o f  /9-decay shows t h a t  th e r e  
a r e  s t r o n g  s e l e c t i o n  r u l e s  g o v ern in g  th e  t r a n s i t i o n  
p r o b a b i l i t y  and th u s  a  knowledge o f  th e  h a l f - l i f e  and en e rg y  
o f a  ^ - t r a n s i t i o n  may g iv e  ev id en ce  c o n c e rn in g  th e  r e l a t i v e  
s p in s  and p a r i t i e s  o f th e  s t a t e s  w hich  i t  c o n n e c ts .
A f u l l  t r e a tm e n t  of th e  th e o ry  o f  weak i n t e r a c t i o n s  
in v o lv e s  f i e l d  th e o ry  and i s  beyond th e  scope o f t h i s  
i n t r o d u c t io n .  Only th e  s im p le s t  r e s u l t s  w hich  a p p ly  t o
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n u c le a r  /?-decay and can  be j u s t i f i e d  a p p ro x im a te ly  by 
s im p lify in g  assu m p tio n s  w i l l  h e re  be s t a t e d .  The dependence 
o f th e  i n t e r a c t i o n  p r o b a b i l i t y  on e n e rg y  and a to m ic  number 
can  be in c lu d e d  in  th e  s o - c a l l e d  Ferm i f u n c t io n  f ( Z ,E ^ ) .
These f u n c t io n s  have been  e x te n s iv e ly  t a b u la t e d  f o r ^ “ ,/3 +  
and K c a p tu re  t r a n s i t i o n s . ( e .g .  S iegbahn  1 9 5 5 ) . They 
e x p re s s  th e  dependence on th e  p hase  space a v a i l a b le  t o  th e  
e l e c t r o n  and n e u t r in o  and on th e  e x t e r n a l  coulomb f i e l d  o f  
th e  n u c le u s .  The f u n c t io n  f  t im e s  th e  h a l f - l i f e  t  i s  
c a l l e d  th e  co m p ara tiv e  h a l f - l i f e  and in c lu d e s  a l l  th e  
e x t r a n u c le a r  e f f e c t s  b u t ig n o re s  a l l  th e  e f f e c t s  o f  th e  
n u c le a r  i n i t i a l  and f i n a l  s t a t e s  e x c e p t t h e i r  r e l a t i v e  
e n e rg y . Thus ig n o r in g  n u c le a r  e f f e c t s  th e  p ro d u c t f t  sh o u ld  
be th e  same f o r  t r a n s i t i o n s  o f d i f f e r e n t  e n e rg y  and d i f f e r e n t  
Z .
Two s e t s  o f s e l e c t i o n  r u l e s  a r e  p o s s ib le  depend ing  on 
th e  form  o f  th e  i n t e r a c t i o n  betw een th e  n u c leo n  and th e  
e l e c t r o n - n e u t r in o  f i e l d ,  and b o th  a r e  now b e l ie v e d  to  
c o n t r ib u t e .  B oth show t h a t  th e  s t r o n g e s t  t r a n s i t i o n s  w i l l  
be th o s e  i n  w hich th e  /9 - p a r t ic le  and n e u t r in o  c a r r y  ze ro  
o r b i t a l  a n g u la r  momentum and th e  p a r i t y  o f  th e  i n i t i a l  and 
f i n a l  n u c le a r  s t a t e s  i s  th e  sam e. A ll  o th e r  t r a n s i t i o n s  
a re  p r e d ic te d  to  be o f much lo w er i n t e n s i t y .  Ferm i s e l e c t i o n
r u l e s  a p p ly  t o  c a se s  i n  w hich  th e  i n t r i n s i c  s p in s  o f th e
n e u t r in o  and e l e c t r o n  a r e  a n t i - p a r a l l e l  and  th u s  th e  n e t  
change in  a n g u la r  momentum i s  0 f o r  th e  a llo w ed  t r a n s i t i o n s
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1 ,6 .  AT = 0 , 7T^  TT^ , where and ir^  a re  th e  p a r i t i e s  o f  
th e  i n i t i a l  and f i n a l  n u o le a r  s t a t e s .  The a l t e r n a t i v e  
Gam ow-Teller s e l e c t i o n  r u l e s  a p p ly  t o  th e  i n t e r a c t i o n  
in  w hich th s  s p in s  a r e  p a r a l l e l .  Then f o r  an  a llo w ed  
t r a n s i t i o n ,  AT ^ 0 ,  ± 1  (e x c e p t t h a t  = 0 i s
f o rb id d e n ) ,  and a g a in  The f t  v a lu e s  g iv e  an
in d ic a t io n  o f  th e  a llo w ed  o r  f o rb id d e n  n a tu re  o f a  t r a n s i t i o n  
and to g e th e r  w ith  o th e r  c o n s id e r a t io n s  a r e  a  h e lp  in  
a s s ig n in g  th e  s p in s  and p a r i t i e s  o f  th e  n u c le a r  s t a t e s  
in v o lv e d . F o r com plex ^ ^ -sp ec tra  where d ecay  ta k e s  p la c e  
to  two o r  more s t a t e s  o f  th e  d a u g h te r  n u c le u s  th e  p a r t i a l  
h a l f - l i v e s  f o r  e a c h  t r a n s i t i o n  m ust be m easured  in  o rd e r  
t o  c a lc u l a t e  th e  f t  v a lu e  f o r  each  t r a n s i t i o n  s e p a r a te ly .
The decays t o  e x c i te d  s t a t e s  a r e  o f te n  fo llo w e d  by 
Y -rays and th u s  th e  d e t e c t io n  o f c o in c id e n c e s  betw een th e  
two ty p e s  o f  r a d i a t i o n  can h e lp  i n  m easu rin g  th e  b ran ch in g  
r a t i o .  The Y -ray  e n e rg ie s  th e m se lv e s  and th e  y - r a y  
b ra n ch in g  r a t i o s  i n  c a sc a d e s  can a l s o  c o n t r ib u te  in fo rm a­
t i o n  ab o u t th e  e x c i te d  s t a t e s .
Such in fo rm a tio n  ab o u t n u c le a r  l e v e l  schem es i s  u s e f u l  
b o th  in  t e s t i n g  s p e c i f i c  p r e d ic t io n s  o f  n u c le a r  m odels and 
in  c o n t r ib u t in g  to  th e  knowledge o f  e m p ir ic a l  t r e n d s  w hich 
su g g e s t new m odels o r  th e  a p p l i c a t i o n  o f  o ld  ones i n  new
re g io n s  o f the p e r io d ic  t a b l e .  Thus even  e x p e rim e n ts  w hich 
do n o t p ro v id e  c r u c i a l  t e s t s  o f  c u r r e n t  t h e o r i e s  can add to  
o u r  u n d e rs ta n d in g  o f  th e  n u c le u s .
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CHAPTER I I  THS PHOTOPRQDUCTION OF 
S e c t io n  2 .1  The N ucleus g^Pb^^"^
The d is c u s s io n  o f p h o to d i s in te g r a t io n  i n  s e c t io n  1 .4 ( i )  
d em o n stra ted  th e  p o s s i b i l i t y  o f e x p la in in g  t h i s  phenomenon 
in  te rm s o f  th e  n u c le a r  s h e l l  model w hich was b r i e f l y  
rev iew ed  in  s e c t io n  1 .2 .  The n u c le u s  Pb^O® c o n ta in s  c lo s e d  
s h e l l s  o f  b o th  p ro to n s  (Z = 82) and n e u tro n s  (N = 126) and 
th e r e f o r e  n e ig h b o u rin g  n u c le i  i n  th e  p e r io d ic  tq b le  a re  
p a r t i c u l a r l y  w e ll  i n t e r p r e t e d  by th e  s h e l l  m odel. I n  t h i s  
c h a p te r  an  ex p erim en t on th e  (y ,n )  r e a c t io n  i n  le a d  i s  
d e s c r ib e d  in  w hich  the r e l a t i v e  y ie ld s  le a d in g  to  two known 
s t a t e s  o f  Pb^^*^ were m easu red . A s im i l a r  e x p e r im e n t, u s in g  
b rom ine , h as  been a d e q u a te ly  e x p la in e d  by th e  s t a t i s t i c a l  
m odel o f th e  com plex n u c leu s  (K a tz , 1 9 5 2 ). I n  c o n t r a s t ,  
th e  p re s e n t  r e s u l t s  a p p e a r  to  r e q u i r e  th e  re so n a n ce  d i r e c t  
mechanism o f th e  W ilk in so n  th e o ry  f o r  t h e i r  e x p la n a t io n .
I n  t h i s  s e c t io n  th e  ex p e rim en ts  w hich le d  t o  th e  d is c o v e ry  
o f th e  iso m e ric  s t a t e  i n  Pb^^"^ and of i t s  p h o to p ro d u c t io n  
a r e  rev iew ed ; in  th e  fo llo w in g  two s e c t io n s  th e  e x p e r im e n ta l 
m ethods and r e s u l t s  a r e  d e s c r ib e d ;  and i n  s e c t io n  2 .4  th e  
ag reem en t o f  th e  r e s u l t s  w ith  th e  c u r r e n t  t h e o r i e s  i s  
d is c u s s e d .
In  th e  c o u rse  o f  a  s e a rc h  f o r  s h o r t  l iv e d  r a d io a c t iv e
is o to p e s  and iso m ers  p roduced  by th e  b re m ss tra h lu n g  beam 
from  th e  23 MeV s y n c h ro tro n  R eid  and M cN eill (1953) bombarded
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le a d  and d is c o v e re d  a n  a c t i v i t y  o f  h a l f - l i f e  0 .8  ±  0 .1  
se c o n d s . They a s s o c ia te d  t h i s  w ith  th e  iso m e r ic  s t a t e  o f  
Pl)207 w hich had been  s tu d ie d  by s e v e r a l  o th e r  a u th o rs  whose 
r e s u l t s  a r e  sum m arized below . Cam pbell and G ooderich  (1950) 
i r r a d i a t e d  le a d  w ith  r e a c t o r  n e u tro n s  and found  two Y -rays 
o f  e n e rg ie s  0 .5  and 1 .0  MeV and a  h a l f - l i f e  o f  0 .9  se co n d s . 
G. V endryés (1952) u s in g  n e u tro n s  from  th e  Be®(d,n)B^® 
r e a c t io n  to  bombard le a d ,  was a b le  to  co n firm  th e  e n e rg ie s  
o f  th e  Y -rays and im prove th e  m easurem ent o f th e  h a l f - l i f e  
f o r  w hich  he o b ta in e d  th e  v a lu e  0 .8 2  ±  0 .0 2  se c o n d s .
V endry^s a tte m p te d  to  i d e n t i f y  th e  r a d i o a c t i v i t y  and 
t e n t a t i v e l y  a s s ig n e d  i t  t o  an  iso m e ric  s t a t e  in  pb^®*  ^ f o r  
th e  fo llo w in g  r e a s o n s .  N eu trons slow ed down i n  g r a p h i te  
p roduced  much l e s s  a c t i v i t y ,  th u s  s u g g e s t in g  t h a t  n e u tro n  
c a p tu re  was n o t th e  r e a c t io n  m a in ly  r e s p o n s ib le  f o r  i t s  
fo rm a tio n . The h ig h  coulomb b a r r i e r  f o r  le a d  makes 
r e a c t io n s  in v o lv in g  th e  e m iss io n  o f  p ro to n s  o r  oc- p a r t i e l e s  
u n l ik e ly  and  a f i f t e e n  m inu te  i r r a d i a t i o n  showed no ev id en ce  
f o r  th e  p ro d u c tio n  o f  th e  known Tl^^"^, T l^ ^ ^ , o r  Hg^^® 
a c t i v i t i e s .  A (n ,2 n )  r e a c t io n  was im p o ss ib le  a s  th e  maximum 
n e u tro n  en e rg y  was l e s s  th a n  5 MeV and th e  s m a l le s t  n e u tro n  
b in d in g  e n e rg y  in v o lv e d  was 6 .9  MeV f o r  Pb^^®.
The c o n c lu s io n  w as, t h e r e f o r e ,  t h a t  th e  a c t i v i t y  was
p ro b a b ly  p roduced  by a  (n ,n * )  r e a c t io n  i n  one of th e
n a t u r a l l y  o c c u rr in g  le a d  i s o to p e s .
Pb^^® was c o n s id e re d  u n l ik e ly  b e c a u se , b e in g  a  doub ly
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c lo s e d  s h e l l  n u c le u s ,  i t  was n o t e x p e c te d  to  have any low  
ly in g  e x c i te d  s t a t e s  and th e  2 .6 2  MeV s t a t e ,  known from  
T i2 0 8 /3 « d ecay , was th o u g h t t o  be th e  lo w e s t .  Thus iso m e ric  
t r a n s i t i o n s  in v o lv in g  Y -rays o f  0 .5  and 1 .0  MeV co u ld  n o t 
be a s s ig n e d  to  i t .  S im i la r ly  i n  Pb^O® a  l e v e l  a t  0 .8  MeV 
found  in  &- and /9-decay ex p e rim en ts  was th o u g h t t o  be th e  
lo w es t and th e  r a t i o  o f  th e  K c o n v e rs io n  c o e f f i c i e n t  t o  th e  
L c o n v e rs io n  c o e f f i c i e n t  f o r  t r a n s i t i o n s  from  i t  t o  th e  
ground s t a t e  in d ic a te d  E3 r a d i a t i o n  and th e r e f o r e  a l i f e t i m e  
much s h o r t e r  th a n  0 .8  se c o n d s . A lso , o th e r  l e v e l s  i n  Pb^06 
found  by H arvey (1953) by the  r e a c t i o n  pb207(a^t)Pb^^®  d id  
n o t e x p la in  th e  m easured y - ra y  e n e r g i e s .  F i n a l l y  Pb^O^ was 
ru le d  o u t a s  th e  two iso m e ric  s t a t e s  w hich  had  a l r e a d y  been  
found in  t h i s  is o to p e  d id  n o t a g re e  i n  e n e rg y  o r  l i f e t im e  
w ith  th e  a c t i v i t y  u n d e r  i n v e s t i g a t i o n .  The a c t i v i t y  was 
th u s  th o u g h t t o  be due to  an  iso m e r ic  s t a t e  o f  pb207 produced  
by (n ,n * )  r e a c t io n s  and V endryës d is c u s s e d  t h i s  ass ig n m en t 
i n  th e  l i g h t  o f  th e  work o f  Neumann and P erlm an , G oldhaber 
and S u n y ar, and Grace and P r e s c o t t  p r e s e n te d  below .
Neumann and P erlm an (1951) m easured  th e  en e rg y  o f  
c o n v e rs io n  e l e c t r o n s  e m itte d  i n  th e  d ecay  o f  and a l s o
found  th r e e  low  en e rg y  g ro u p s o f &- p a r t  i d e s  i n  th e  d ecay  o f 
P o^^^ . On th e  b a s is  o f  th e s e  r e s u l t s  th e y  su g g e s te d  a l e v e l  
scheme f o r  pb^^*^ w hich was open t o  c o n s id e ra b le  doubt a s ,  
w ith  no i n t e n s i t y  o r  co in c id e n c e  m easurem ents i t  was 
im p o ss ib le  t o  know w hich t r a n s i t i o n s  w ere i n  c a s c a d e . The
38
d is c o v e ry  o f  c o n v e rs io n  e l e c t r o n  g ro u p s c o rre sp o n d in g  to  
Y -rays o f  0 .5 6 5  and 1 .063  MeV, how ever, in c re a s e d  th e  
c e r t a i n t y  o f  th e  above assig n m en t o f  the  iso m e r ic  s t a t e .
G oldhaber and  Sunyar (1951) a n a ly s e d  a l a r g e  number 
o f known iso m e ric  t r a n s i t i o n s  and on th e  b a s i s  o f  Cam pbell 
and G o o d ric h 's  m easurem ents o f  h a l f - l i f e  and Y -ray e n e rg ie s  
th e y  d e s ig n a te d  th e  iso m e r ic  t r a n s i t i o n  M4. U sing  th e  
s h e l l  model p r e d ic t io n s  th e y  su g g e s te d  th e  scheme 
Î-13/2 1*0^ MeV Y -ray  p ^ 5 /2  0*56 MeV Y -ray  ^  ^ 1 /2  •
Grace and P r e s c o t t  (1951) perfo rm ed  f u r t h e r  ex p e rim en ts  
w ith  and showed by c o in c id e n c e  m easurem ents t h a t  th e
1 .1  MeV and 0 .5 6  MeV Y -rays were i n  c a sc a d e . U sing  t h e i r  
own r e s u l t s  to g e th e r  w ith  th o s e  o f  Neumann an d  P erlm an  th e y  
found a v a lu e  o f 1/^0  56 ^^o n sis ten t w ith  th e  M4, B2 
assig n m en t o f  G oldhaber and Sunyar f o r  th e  iso m e ric  s t a t e  
c a sc a d e .
F i n a l l y ,  P ryoe (1952) in v e s t ig a te d  th e  p r e d ic t io n s  o f  
th e  s h e l l  m odel f o r  th e  ground and e x c i te d  s t a t e s  o f n u c le i  
n e a r  th e  doub ly  c lo s e d  s h e l l  n u c le u s  g^Pb^^®. On th e  b a s is  
o f h i s  c a l c u l a t i o n s  and  th e  e x p e r im e n ta l  ev id en ce  th e n  
a v a i la b le  he deduced t h a t  th e  iso m e r ic  s t a t e  was an  i^gyg  
l e v e l  a t  1 .6 3  MeV w hich  decayed  t o  an  f^ y g  l e v e l  a t  0 .5 2  MeV 
w hich in  t u r n  decayed to  th e  P i /g  ground s t a t e .  Thus th e
e n e rg ie s  and m u l t i p o l a r i t i e s  o f th e  y - ra y s  a s s o c ia te d  w ith
th e  iso m e r ic  s t a t e  decay  were known when th e  s t a t e  was f i r s t  
p roduced  by p h o to n  bombardment o f  le a d  (R e id , 1 9 5 3 ).
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E x p erim en ts  t o  m easure th e  r e l a t i v e  p h o to n u c le a r  y ie ld s  
to  ground and iso m e ric  s t a t e s  had a l r e a d y  b een  perfo rm ed  
w ith  o th e r  n u c l e i .  I n  p a r t i c u l a r ,  K atz e t  a l .  (1952) 
in v e s t ig a te d  B r® ^(v,n)B r® ^*, Goldemberg and K atz  (1953) 
s tu d ie d  (y ,n )  ( y , y ' ) and (y ,2 n )  r e a c t io n s  in  In^^® le a d in g  
to  In ^ ^ ^ , In ^ ^ ^ * , In^^®* and In^^®* and K atz  e t  a l .  (1953) 
m easured ( y ,n ) y ie ld s  to  ground and iso m e r ic  s t a t e s  o f  Mo^l 
and Zr® ^. I n  each  o f th e s e  c a se s  th e  y ie ld s  w ere d e te rm in ed  
by m easu rin g  th e  q u a n t i ty  o f  r a d i o a c t i v i t y  p ro d u c ed , th e  
iso m e ric  and ground s t a t e s  h av in g  s u f f i c i e n t l y  d i f f e r e n t  
h a l f - l i v e s  o r  decay  schem es f o r  them  to  be m easured  
s e p a r a te ly .  The r e s u l t s  were i n t e r p r e t e d  in  te rm s  o f  a 
compound n u c le u s  model and th e  known o r  assum ed s p in s  and 
p a r i t i e s  o f  th e  v a r io u s  s t a t e s .
I t  was d ec id ed  to  in v e s t ig a te  f u r t h e r  th e  a c t i v i t y  
p roduced  by R eid  and M cN eill t o  a s c e r t a i n  w h e th e r i t  was 
in  f a c t  th e  known iso m e ric  s t a t e  o f  Pb^^*^ and t o  m easure 
th e  r e l a t i v e  numbers o f  (v ,n )  e v e n ts  le a d in g  to  th e  iso m e r ic  
and ground s t a t e s  o f  th e  f i n a l  n u c le u s .
T h is  r e a c t io n  was o f p a r t i c u l a r  i n t e r e s t  becau se  o f 
th e  la rg e  s p in  change betw een th e  s p in  0 ground  s t a t e  o f  
Pb^OB th e  s p in  ^  iso m e ric  s t a t e  o f Pb^^Y  ^ A ll  th e  
above m entioned  s im i la r  e x p e rim e n ts  had co n cern ed  iso m e ric  
s t a t e s  in  th e  group o c c u rr in g  j u s t  below  th e  c lo s in g  o f th e  
ggyg s h e l l s  a t  n u c le o n  number 50 and th e  s p in  changes 
in v o lv e d  in  th e  p h o to d is in te g r a t io n s  were much s m a l le r .
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The d i f f i c u l t y  o f th e  le a d  ex p e rim en t was in c re a s e d  
because th e  ground s t a t e  o f  Pb®07 n o t r a d io a c t iv e  and 
th e r e f o r e  th e  r e l a t i v e  y i e ld s  had to  be m easured  by an 
i n d i r e c t  m ethod:
( i )  th e  r e l a t i v e  y ie ld s  o f n e u tro n s  from  th e  (y ,n )  
r e a c t io n s  in  n a t u r a l  le a d  and le a d  e n r ic h e d  in  Pb^OG were 
m easured ,
( i i )  th e  r a t i o  o f th e  y i e ld s  f o r  p h o to p ro d u o tio n  o f 
2^207* and Cu®^ were m easured ,
( i i i )  th e  y ie ld s  o f  Cu®^ from  Cu®®(y,n) and of n e u tro n s  
from  P b (v ,n )  were ta k e n  from  th e  p a p e rs  o f K a tz  and Cameron 
(1951) and M ontaI b e t t i  e t  a l .  (1953) r e s p e c t iv e ly .
The p ro d u c t o f  th e  th r e e  r a t i o s  gave th e  d e s i r e d  r a t i o  of 
th e  y ie ld s  o f pb&O?* to  th e  y i e ld  o f  Pb^^"^ from  (y ,n ) 
r e a c t io n s  in  Pb^OS,
In  th e  fo l lo w in g  s e c t io n s  th e  v a r io u s  p a r t s  o f th e  work 
on le a d  a re  d e s c r ib e d .  I n  s e c t io n  2 .2 (1 )  e x p e r im e n ta l p ro o f  
i s  p re s e n te d  t h a t  th e  r a d io a c t iv e  decay  p roduced  by X -ray  
bombardment o f  le a d  i s  in d e ed  due to  th e  iso m e r ic  s t a t e  o f 
Pb^^"^ p roduced  by th e  r e a c t io n  pb® 0® (y,n)Pb20?*. S e c tio n  
2 . 2 ( i i )  c o n ta in s  an  acco u n t o f  th e  m easurem ent o f th e  
r e l a t i v e  p h o to n u c le a r  y ie ld s  o f  th e  com peting  p ro c e s s e s  
Pb20®(Y,n)Pb20? and Pb^^®(Y,n)Pb^^*^*, vd iile  s e c t io n  2 .3  i s  
co n cern ed  w ith  work on th e  p o s s i b i l i t y  t h a t  th e  t r a n s i t i o n  
t o  th e  iso m e ric  s t a t e  i s  th ro u g h  an  in te rm e d ia te  l e v e l  of 
Pb^^'7. F in a l l y  in  s e c t io n  2 .4  th e  r e s u l t s  o f a l l  th e s e
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ex p e rim en ts  a re  d is c u s s e d  in  te rm s o f th e  W ilk in so n  th e o ry  
o f p h o to d is in te g r a t io n .
S e c t io n  2 .3  The P h o to p ro d u o tio n  E x p e rim e n ts
( i )  I d e n t i f i c a t i o n  o f th e  pho to p ro d u ced  r a d i o a c t i v i t y  
As o u t l in e d  in  th e  p re v io u s  s e c t io n  th e  f i r s t  e x p e r i ­
m ents by R eid  and M cN eill (1953) m easured  th e  h a l f - l i f e  o f  
th e  y -ra y  a c t i v i t y  p roduced  in  le a d  by bombardment w ith  th e  
b re m ss tra h lu n g  beam from  th e  23 MeV s y n c h ro tro n , a s  0 .8  ± 0 .1  
seconds w hich su g g e s te d  t h a t  th e  iso m e r ic  s t a t e ,  
was b e in g  p ro d u ce d . The p a r t i c u l a r  i n t e r e s t  o f  t h i s  r e a c t io n  
prom pted f u r t h e r  i n v e s t i g a t io n .
The same a u th o rs  showed (R e id , 1 9 5 4 a ), by com parison  o f  
th e  y ie ld s  from  n a tu r a l  le a d  and a pb^OQ e n r ic h e d  sam ple , 
l e n t  by P ro f e s s o r  F . Soddy (Soddy, 1 9 1 6 ), t h a t  th e  a c t i v i t y  
was a lm o st c e r t a i n l y  p roduced  by PbB 08(y ,n)Pb207* and n o t 
Pb20?(Y ,Y ')Pb20?* o r  Pb20®(n, YjPb^O'^* ,
To co n firm  t h a t  th e  o b se rv ed  y - ra y s  were i n  f a c t  from  
th e  decay  of th e  known iso m e ric  s t a t e  i n  Pb^O? i t  was 
n e c e s s a ry  to  m easure t h e i r  e n e r g ie s .  A le a d  t a r g e t  was 
i r r a d i a t e d  f o r  s h o r t  p e r io d s  i n  th e  b re m ss tra h lu n g  beam and 
im m ed ia te ly  a f t e r  th e  sy n c h ro tro n  was sw itc h ed  o f f  th e  
Y -rays from  th e  decay  of th e  induced  a c t i v i t y  were d e te c te d  
in  a N a l(T l)  s c i n t i l l a t i o n  sp e c tro m e te r  p la c e d  below  th e  
t a r g e t .  S e v e ra l  e x tra n e o u s  lo n g e r  l iv e d  r a d i o a c t i v i t i e s  























B lo ck  o f  the  equipment f o r  exBmlnln^:
P 0 7 *th e  spectrum o f  Y -r sy s  frerr, hb ' . produced bv
bombarding! l e « d  w i t h  22 'TeV b r e m s s t r a h l n n y .
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m a t e r i a l ,  by th e  p h o to n e u tro n s  from  m a te r ia l  i n  th e  
b re m ss tra h lu n g  beam* I n  o rd e r  t o  be a b le  t o  o b ta in  a  
re a s o n a b le  number o f c o u n ts  from  th e  Pb a c t i v i t y  i t  was 
n e c e s s a ry  t o  r e p e a t  many p e r io d s  o f a l t e r n a t e  i r r a d i a t i o n  
and c o u n tin g  and th e r e f o r e  th e  lo n g  l iv e d  background  had 
to  be e l im in a te d .  To acco m p lish  t h i s  th e  fo l lo w in g  c y c le  
was u s e d : ( i )  th e  le a d  t a r g e t  was i r r a d i a t e d  i n  th e
b re m ss tra h lu n g  beam f o r  2 .4  se c o n d s , ( i i )  th e  s y n c h ro tro n  
was sw itc h ed  o f f  and th e  a m p lif ie d  p u ls e s  from  th e  
s c i n t i l l a t i o n  s p e c tro m e te r  were p u ls e - h e ig h t  a n a ly s e d  and 
re c o rd e d , ( i i i )  th e  sp ec tru m  f o r  a  second  c o u n tin g  p e r io d  
o f 2 .4  seconds was a n a ly s e d  and  s e p a r a te ly  r e c o rd e d . The 
c y c le  was re p e a te d  many tim e s  and two p u ls e  h e ig h t  s p e c t r a  
w ere o b ta in e d .  The second sp e c tru m  was s u b t r a c te d  from  
th e  f i r s t  th u s  e l im in a t in g  th e  e f f e c t s  o f any  a c t i v i t i e s  
o f  h a l f - l i f e  lo n g  com pared to  2 .4  se c o n d s , th e  c o n t r ib u t io n s  
o f w hich  would be v i r t u a l l y  th e  same to  e a ch  sp e c tru m .
As o n ly  one 1 0 0 -o h an n e l d i f f e r e n t i a l  p u ls e - h e ig h t  
a n a ly s e r  was a v a i l a b le  i t  was n e c e s s a ry  t o  u se  i t  f o r  th e  
a n a ly s i s  and r e c o rd in g  o f b o th  s p e c t r a .  The c h a n n e ls  0 t o  
45 were u sed  to  r e c o rd  th e  p u ls e s  o c c u r r in g  i n  th e  f i r s t
2 .4  seconds a f t e r  e a c h  i r r a d i a t i o n  and c h a n n e ls  50 t o  99 
f o r  th e  p u ls e s  from  th e  second  c o u n tin g  p e r io d .
A b lo c k  d iag ram  of th e  equ ipm ent b u i l t  t o  a c h ie v e  t h i s  
i s  g iv e n  i n  f i g .  2 .1 .  The a m p lif ie d  p u ls e s  from  th e  





Ti e .  ? , g
'’’he y - r e y  sp ec tru m  o f  the  0 . 8  s e c .  r a d i o a c t i v e  
d e ca y  produced in  l e a d  by Z Z  Me? b r e m s s t r a h lu n g .
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p r o p o r t io n a l  g a te  c i r c u i t s  w hich were opened i n  sequence  by 
p u ls e s  from  th e  d ec a tro n  c lo c k  (R e id , 1 9 5 4 b ). The n e g a tiv e  
o u tp u ts  from  th e s e  two c i r c u i t s  w ere f e d  th ro u g h  an  i n v e r t e r  
t o  th e  in p u ts  o f  th e  u n iv ib r a to r  m ix e r c i r c u i t .  P u ls e s  
from  one in p u t  were p a ssed  unchanged th ro u g h  th e  ad d in g  
c i r c u i t  and th e n ce  t o  th e  in p u t  o f  th e  p u ls e - h e ig h t  a n a ly s e r .  
P u ls e s  a r r i v i n g  a t  th e  o th e r  in p u t  t r i g g e r e d  th e  u n i v i b r a t o r ,  
th e  p u ls e  from  w hich was added to  th e  in p u t  p u ls e  in  th e  
ad d in g  c i r c u i t .  Thus th e  p u ls e s  from  ch a n n e l 1 were re c o rd e d  
i n  th e  f i r s t  45 ch a n n e ls  and th e  sp ec tru m  i n  c h a n n e l 2 was 
d is p la y e d  on th e  p u ls e -h e ig h t  a n a ly s e r  w ith  the  z e ro  o f  i t s  
en e rg y  s c a le  in  ch an n e l 4 6 . The am p litu d e  o f  th e  u n iv ib r a t o r  
p u ls e  and of b o th  in p u ts  was a d ju s ta b le  so  t h a t  th e  g a in  in  
each  ch a n n e l and th e  p o s i t io n  o f th e  u p p e r sp ec tru m  co u ld  
be a d ju s te d  to  a l lo w  a d i r e c t  s u b t r a c t io n  o f  th e  num bers in  
c o rre sp o n d in g  c h a n n e ls  in  th e  two s p e c t r a .
T e s t  ru n s  w ith  r a d io a c t iv e  so u rc e s  and th e  g a te  i n  
o p e ra t io n  gave i d e n t i c a l  s p e c t r a  th u s  d e m o n s tra tin g  b o th  
th e  e q u a l i t y  o f  th e  le n g th s  o f  th e  two g a te  p u ls e s  and th e  
p ro p e r  o p e ra t io n  o f  th e  u n iv ib r a to r  m ix e r u n i t .
A le a d  t a r g e t  was i r r a d i a t e d  i n  th e  b re m ss tra h lu n g  
beam and s p e c t r a  o b ta in e d  a s  d e s c r ib e d .  F ig .  2 .2  i s  a  p l o t  
o f  the  d i f f e r e n c e  o f th e  two s p e c t r a .  C a l ib r a t io n  s p e c t r a
w ith  r a d io a c t iv e  s o u rc e s  r e p la c in g  th e  t a r g e t  gave b o th  th e  
e n e rg y  s c a le  and the  sp ec tru m  shape f o r  Y -ray  e n e rg ie s  o f  
1 .3 5 , 1 .1 7 , 0 .6 6  and 0 .5 1  MeV. I n  f i g .  2 .2  th e r e  a r e  se e n
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t o  be p rom inen t p eak s a t  0 . 5 0  and 1 . 0 1  MeV in d ic a t in g  y -ra y  
e n e rg ie s  i n  good ag reem en t w ith  th e  p re v io u s  m easurem ents 
o f  Y -rays from  th e  decay  o f  th e  known iso m e ric  s t a t e  o f 
P b 2 0 7 .
The sh ap es  o f  th e  e x p e rim e n ta l s p e c t r a  p ro v id e d  th e  
in fo rm a tio n  n e c e s s a ry  t o  s e p a r a te  th e  o b se rv ed  
sp ec tru m  in to  c o n t r ib u t io n s  from  th e  two Y -ray s . The 
dependence of th e  t o t a l  d e t e c t io n  p r o b a b i l i t y  f o r  Y -rays 
p a s s in g  th ro u g h  th e  c r y s t a l  on th e  Y -ray e n e rg y  was c a lc u la te d  
from  ta b u la te d  v a lu e s  o f a b s o rp t io n  c o e f f i c i e n t s  (S ieg b ah n , 
1 9 5 5 ) .  The i n t e n s i t y  r a t i o  f o r  th e  two Y -rays a t  th e  
c r y s t a l  was th e n  c a lc u la te d  and c o r r e c te d  f o r  th e  a b s o rp t io n  
and s c a t t e r i n g  o f  Y -rays in  th e  t a r g e t  to  o b ta in  th e  r a t i o  
o f  th e  i n t e n s i t i e s  e m itte d  by th e  Pb^O^t The f i n a l  r e s u l t  
was i n t e n s i t y  1 . 0 1  M e V /in te n s ity  0 . 5 6  MeV = 1 . 2  ±  0 . 3 5  
w hich i s  c o n s i s te n t  w ith  th e  a ssu m p tio n  t h a t  th e  two Y -rays 
a r e  in  c a sc a d e , f o r  in  t h a t  ca se  t h e i r  i n t e n s i t i e s  would be 
e q u a l .
The h a l f - l i f e  m easurem ent and th e  Y -ray en e rg y  and 
i n t e n s i t y  m easurem ents w ere to g e th e r  c o n s id e re d  ad eq u a te  
c o n f irm a tio n  t h a t  th e  o b se rv ed  a c t i v i t y  was i d e n t i c a l  w ith  
th e  iso m e ric  s t a t e  o f Pb^O? found in  th e  o th e r  ex p e rim en ts  
d is c u s s e d  in  s e c t io n  2 .1 .
( i i )  The m easurem ent o f  th e  y ie ld  r a t i o
The re a s o n s  f o r  w ish in g  t o  m easure th e  y i e l d  p b 2 0 7 * /y ie ld  
Pb207 r a t i o  from  the  Pb^^®(Y,n) r e a c t io n  have been  o u t l in e d
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In  s e c t io n  2 .1  and th e  i n d i r e c t  m ethod by w hich i t  was 
a c h ie v e d  was d e s c r ib e d .  The f i r s t  s t e p  was t o  m easure th e  
r e l a t i v e  y ie ld s  o f  n e u tro n s  from  th e  X -ray  bombardment o f  
PbS08 and n a t u r a l  l e a d .
The sam ple o f l e a d ,  e n r ic h e d  in  pb^OB, w hich  was u sed  
in  th e  e a r l i e r  ex p e rim en ts  (R e id , 1954a) d is c u s s e d  in  
s e c t io n  2 . 2 ( i ) ,  was a g a in  borrow ed from  P r o f e s s o r  Soddy. A 
t a r g e t  o f  n a tu r a l  le a d  was made o f th e  same d im en sio n s a s  
th e  e n r ic h e d  sam p le . These two t a r g e t s  were i r r a d i a t e d  
a l t e r n a t e l y  i n  th e  b re m ss tra h lu n g  beam from  th e  s y n c h ro tro n , 
o p e ra te d  a t  22 MeV peak  en e rg y  and th e  n e u tro n  y i e ld s  ware 
m easured by a m ethod deve lo p ed  by M cN eill (1 9 5 5 ).
A 14” diem ieter by 2" lo n g  th a l l iu m  a c t iv a t e d  sodium  
io d id e  c r y s t a l  was u sed  a s  n e u tro n  d e t e c t o r .  The c r y s t a l  
was p la c e d  below  th e  t a r g e t  and f a s t  n e u tro n s  from  th e  (y ,n )  
r e a c t io n  i n  th e  le a d  p roduced  r a d io a c t iv e  i n  th e  c r y s t a l
A f te r  th e  sy n c h ro tro n  was sw itc h ed  o f f  th e  s t r e n g t h  o f  th e
so u rc e  co u ld  be m easured u s in g  th e  c r y s t a l  i t s e l f  a s  
d e t e c t o r  and th u s  a r e l a t i v e  m easurem ent o f  th e  t o t a l  
n e u tro n  f l u x  d u r in g  th e  s y n c h ro tro n  i r r a d i a t i o n  co u ld  be 
o b ta in e d .  The 25 m inu te  h a l f - l i f e  o f  l l 2 8  njade lo n g  
i r r a d i a t i o n s  im p ra c tic a b le  and  th e  sm a ll s i z e  o f  th e  
e n r ic h e d  sam ple (30 gm s.) and th e  r a t h e r  s m a ll a v a i la b le  
b re m ss tra h lu n g  beam o f  ab o u t 0 .3  r /m in .  a t  1 m e tre  made i t  
n e c e s s a ry  t o  e l im in a te  a s  c o m p le te ly  a s  p o s s ib le  th e  e f f e c t  
o f  b ack g rounds.
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I t  was th u s  n e c e s s a ry  to  s h ie ld  th e  c r y s t a l  from  o th e r  
so u rc e s  o f  f a s t  n e u tro n s  su ch  a s  th e  i n t e r n a l  sy n c h ro tro n  
t a r g e t  and th e  w a ll  o f th e  room id ie re  th e  beam s t r u c k  i t ,  
t o  s h ie ld  i t  from  e x te r n a l  r a d i a t i o n  d u r in g  th e  c o u n tin g  
p e r io d  and to  choose a  d is c r im in a t io n  l e v e l  w hich  gave th e  
b e s t  r a t i o  o f d e t e c t io n  e f f i c i e n c y  f o r  th e  a.ecay to  th e
background co u n tin g  r a t e .  The c r y s t a l  and  p h o to m u l t ip l i e r  
were su rro u n d ed  by 3 in c h e s  o f  i r o n ,  a  l a y e r  o f cadmium to  
a b so rb  th e rm a l n e u tro n s  and l i  f e e t  o f  p a r a f f i n  wax. A 
h o r iz o n ta l  ta p e re d  s l o t  o f  r e c ta n g u la r  c ro s s  s e c t io n  p ie rc e d  
t h i s  com posite  box to  a l lo w  a p a th  f o r  th e  b re m ss tra h lu n g  
beam; th e  c r y s t a l  was j u s t  below  th e  low er s id e  o f th e  s l o t .  
The le a d  t a r g e t  was suspended  i n  th e  s l o t ,  above th e  Nal 
c r y s t a l  and in  th e  c e n tr e  o f th e  X -ray  beam. Even w ith  
t h i s  s h ie ld in g  th e  e x tra n e o u s  n e u t ro n s ,  p roduced  by an  
i r r a d i a t i o n  w ith  no t a r g e t  in  p o s i t i o n ,  c r e a te d  an  1^28 
a c t i v i t y  a b o u t one h a l f  a s  s tro n g  a s  t h a t  o b ta in e d  w ith  th e  
le a d  t a r g e t  in  p o s i t i o n .  The le n g th  o f  e a c h  i r r a d i a t i o n  
was l im i te d  to  30 m in . becau se  o f th e  r e l a t i v e l y  s h o r t  
h a l f - l i f e  (25 m in .)  o f  th e  i l 2 8  a c t i v i t y .  As th e  a b s o lu te  
c o u n tin g  r a t e s  o b ta in e d  were sm a ll i t  was n e c e s s a ry  t o  add 
th e  r e s u l t s  o f s e v e r a l  i r r a d i a t i o n s  to  o b ta in  s a t i s f a c t o r y  
c o u n tin g  s t a t i s t i c s .
The in te g r a te d  f l u x  o f th e  b re m ss tra h lu n g  beam was 
m easured by c o u n tin g  i n  a s ta n d a rd  geom etry  th e  Cu^B 
a c t i v i t y  p roduced  in  a t h i n  s h e e t  o f  co p p er th ro u g h  w hich
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th e  beam p asse d  b e fo re  re a c h in g  th e  t a r g e t .  As h as  a
h a l f - l i f e  o f 10 m in . two s h e e ts  w ere u sed  i n  e a ch  30 m in . 
ru n ,  one f o r  th e  f i r s t  15 m in . and th e  o th e r  f o r  th e  second  
h a l f .  The b re m ss tra h lu n g  i n t e n s i t y  was c o n tin u o u s ly  
m o n ito red  by an io n iz a t io n  chamber and d . c .  a m p l i f i e r  th e  
o u tp u t o f  w hich was d is p la y e d  on a m e te r  and th e  i n t e n s i t y  
was k ep t c o n s ta n t  t o  w i th in  ± 10#.
F ive  s e t s  o f  i r r a d i a t i o n s  were made ea ch  s e t  c o n s is t in g  
of a  ru n  w ith  no t a r g e t ,  one w ith  th e  n a t u r a l  le a d  t a r g e t  
and one w ith  th e  e n r ic h e d  le a d  t a r g e t .  The r e s u l t s  were 
combined and th e  r a t i o  o f  th e  y ie ld s  from  th e  two t a r g e t s  
was
ylel^natural, . _  q.92 ±  0.17  
y ie ld ^ j^ r ic h e d
The atom ic  w eig h t o f n a t u r a l  le a d  i s  207 .21  and i t s  
co m p o sitio n  i s  5 2 .3 #  Pb®^® and 4 7 .7 #  Pb^O?, Pb^^^ and Pb^O^, 
The e n r ic h e d  sample has e x t r a  pb^^S ^nd a  know ledge o f i t s  
a to m ic  w e ig h t , 207.7, and th e  i s o to p ic  abundances in  n a t u r a l  
le a d  a l lo w  one to  c a lc u l a t e  t h a t  i t  i s  82# pb^O® and 18# 
o th e r  i s o to p e s .
W ith t h i s  in fo rm a tio n  and th e  m easured  y i e ld  r a t i o  
above i t  i s  p o s s ib le  to  c a lc u l a t e  t h a t  th e  r a t i o  o f  th e  
(y ,n )  y ie ld s  from  n a t u r a l  le a d  and ph^OB i s  0 .8 7  ± 0 . 1 8
f o r  b re m ss tra h lu n g  o f  22 MeV peak e n e rg y .
The second s te p  was t o  m easure th e  r a t i o  o f  th e  y i e ld  
o f pbB07* t o  th e  y ie ld  o f  Cu^B f o r  i r r a d i a t i o n  by th e  same
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in te g r a te d  b re m ss tra h lu n g  f l u x .  The y ie ld s  were m easured 
by th e  a c t i v a t i o n  m ethod . N a tu ra l  co p p er c o n ta in s  b o th  
CuGG and Cu65 and th u s  CuG4 ig  p roduced  a s  w e l l  a s  Cu^B.
The l a t t e r  can , how ever, be m easured  i n  th e  p re se n c e  o f  th e  
fo rm er by co u n tin g  f o r  s e v e r a l  p e r io d s  d u r in g  th e  f i r s t  few  
h a l f - l i v e s  of th e  CuG2 decay  and e l im in a t in g  th e  e f f e c t  of 
th e  lo n g  l iv e d  Cu^^.
The same e x p e r im e n ta l a rran g em en t was u se d  a s  i n  th e  
p r e v io u s ly  d e s c r ib e d  ex p e rim en ts  w ith  le a d .  The copper 
t a r g e t  p la c e d  above th e  s c i n t i l l a t i o n  s p e c tro m e te r  was 
i r r a d i a t e d  f o r  15 m in u te s , th e  s y n c h ro tro n  was sw itc h ed  o f f  
and th e  0 .5  MeV a n n i h i l a t i o n  r a d i a t i o n  from  th e  p o s i t r o n s  
e m itte d  by th e  co p p er t a r g e t  was co u n ted  f o r  5 m inu te 
p e r io d s .  A t h i n  alum inium  a b s o rb e r  p re v e n te d  p o s i t r o n s  
from  e n te r in g  th e  c r y s t a l .  The t a r g e t  was removed f o r  one 
f iv e  m inute p e r io d  so  t h a t  th e  1^28 a c t i v i t y  p roduced  in  
th e  c r y s t a l  by  n e u tro n s  d u r in g  th e  sy n c h ro tro n  i r r a d i a t i o n  
co u ld  be m easu red . The c o u n tin g  r a t e s  were c o r r e c te d  f o r  
th e  lo n g  l iv e d  Cu64 a c t i v i t y ,  f o r  th e  i^B 8 a c t i v i t y  and f o r  
n a t u r a l  b ackg round , and th u s  th e  y i e ld  of Cu^B o b ta in e d . 
The in te g r a te d  b re m ss tra h lu n g  f lu x  was a g a in  m easured  by 
th e  a c t i v i t y  p roduced  in  a  t h i n  s ta n d a rd  s h e e t  o f  co p p er 
th ro u g h  w hich th e  beam p a sse d  b e fo re  r e a c h in g  th e  t a r g e t .
F or th e  m easurem ent of th e  pb^O?* a le a d  t a r g e t  
r e p la c e d  th e  co p p e r one . I t s  th ic k n e s s  was such  t h a t  th e  
c o r r e c t io n  f o r  th e  d i f f e r e n t  a b s o rp t io n s  of th e  decay  y - ra y s
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in  th e  le a d  and co p p er t a r g e t s  was a s  sm a ll a s  p o s s i b l e ,  
tho u g h  th e  t a r g e t s  co u ld  n o t be made v e ry  t h i n  b ecau se  o f 
th e  sm a ll y ie ld  o b ta in e d  in  th e  le a d  e x p e r im e n ts . The 
c lo c k  g a t in g  u n i t  (R e id , 1954b) was u sed  to  p ro v id e  c y c le s  
o f 1 .2  second  i r r a d i a t i o n s  fo llo w ed  by t h r e e ,  1 .2  se co n d , 
co u n tin g  p e r io d s  d u r in g  each  o f  w hich  th e  c o u n ts  w ere f e d  
to  s e p a r a te  s c a l e r s .  Runs were l im i te d  t o  15 m in . t o  
p re s e rv e  ac c u ra c y  o f  th e  b re m ss tra h lu n g  f lu x  m easurem ent 
u s in g  th e  co p p er a c t i v a t i o n  m o n ito rs . S u c c e ss iv e  f i f t e e n  
m inu te  ru n s  had to  be s e p a ra te d  by an  h o u r to  a l lo w  th e  
background o f i l 2 8  a c t i v i t y  t o  d e c ay . From th e  d i f f e r e n c e s  
betw een th e  t o t a l  c o u n ts  d u r in g  th e  f i r s t  and second  
c o u n tin g  p e r io d s  o f  each  c y c le  and th e  second  and t h i r d  
c o u n tin g  p e r io d s , th e  Pb^O?* a c t i v i t y  was c a lc u la te d  
in d e p e n d e n tly  o f any lo n g e r  l iv e d  a c t i v i t i e s  w hich m igh t 
be p r e s e n t .  As a  check on th e  a p p a ra tu s  th e  h a l f - l i f e  o f  
th e  decay  was c a lc u la te d  f o r  e a ch  ru n  and o n ly  th o se
ru n s  were a c c e p te d  f o r  w hich th e  v a lu e  was w i th in  th e  e r r o r s  
ex p e c te d  from  s t a t i s t i c a l  f l u c tu a t io n s  i n  th e  c o u n ts .
I n  c o u n tin g  b o th  th e  le a d  and co p p e r a c t i v i t i e s  th e  
d is c r im in a t io n  l e v e l  o f  th e  c o u n te r  was s e t  a t  0 .4  MeV.
The c o u n tin g  geom etry  In  th e  two ex p e rim en ts  was i d e n t i c a l .  
The r e l a t i v e  t o t a l  c o u n tin g  e f f i c i e n c i e s  f o r  0 .5  and 1 .0  MeV
Y -rays f o r  th e  c r y s t a l  w ere c a lc u la te d  and checked  e x p e r i ­
m e n ta l ly  f o r  1 .2 8  and 0 .5  MeV Y -rays u s in g  a Na^S s o u rc e .
The sp ec tru m  sh ap es  were d e te rm in ed  e x p e r im e n ta l ly  u s in g
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r a d io a c t iv e  s o u rc e s .  Then th e  r e l a t i v e  y i e ld s  were c o r r e c te d  
f o r  c o u n tin g  e f f i c i e n c y ,  a b s o rp t io n  in  th e  t a r g e t  and a l l  
back g ro u n d s; a s  o n ly  a y ie ld  r a t i o  was r e q u ir e d  i t  was n o t 
n e c e s s a ry  t o  know th e  a b s o lu te  in te g r a te d  b re m ss tra h lu n g  
f lu x  and th e  copper a c t i v a t i o n  m o n ito rs  p ro v id e d  a  r e l a t i v e  
v a lu e .
The c o r r e c te d  r a t i o  f o r  i r r a d i a t i o n  w ith  b re m ss tra h lu n g  
of peak  en e rg y  SE MeV was found to  be
y ie ld p ^ 20Y */per atom  pb^OB
—  ------------- ;------------------- —  = 0 .2 7  ±  0 .0 3 .
y ie ld g ^ a a /p e r  atom  CuO^
The r a t i o  =—    ■ ■ o b ta in e d  from  th e  p u b l is h e d  v a lu e s
ip b (y  ,n )
(K a tz , 1951 and M o n ta lb e t t i ,  1953) i s  f o r  a  peak
2o
b re m ss tra h lu n g  en e rg y  of 22 MeV. T h is  l a s t ,  to g e th e r  w ith  
th e  two m easured  r a t i o s  g iv e s  a  v a lu e  f o r
Tpb207* ^ Ypb207* ^  ?Cu62 ^  Ypb(v ,n )
Tpb207 ^ P b (y ,n )  Tpb®®®(v,n)
=  0 .2 7  I % 0 .8 7  =  0 .0 2 2  28
Y pb(y ,n) I s  th e  y ie ld  o f n e u tro n s  from  22 MeV 
b re m ss tra h lu n g  i r r a d i a t i o n  o f  n a t u r a l  P b . Yp^gos I s  th e  
y ie ld  o f n e u tro n s  from  s im i la r  i r r a d i a t i o n  o f pb^BS.
Y pb208(*,n) v e ry  n e a r ly  e q u a l to  Yp^E07 a s  98# o f 
(Y ,n) t r a n s i t i o n s  le a d  to  Pb&07 and o n ly  2# t o  pb^O ?*. The 
in c lu s io n ,  how ever, o f  n e u tro n s  from  (V ,2n) in  Yp^ggg 
w i l l  make th e  o b se rv ed  v a lu e  to o  la rg e  and th e  t r u e  r a t i o
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i s  l i k e l y  t o  be s l i g h t l y  l a r g e r  th a n  th e  v a lu e  g iv e n  ab o v e . 
S e c t io n  2 .5  The D elayed C o in c id en ce  M easurem ents U sing  Bi^B7
Â m easurem ent o f th e  th r e s h o ld  o f th e  r e a c t io n  
PbBO0(y^n)PbB07*, based  on th e  a ssu m p tio n  t h a t  th e  a c t i v a t i o n  
cu rve  would be s im i l a r  in  shape to  th o s e  o f  A gl09(y ,n)A gl0B  
and A gl07(Y ,n) Ag^Oô^ gave a v a lu e  o f 9 .1  ± 0 . 1  MeV (R e id , 
1 9 5 4 a). I n  th e  same p a p e r  i t  was shown t h a t  t h i s  v a lu e ,  
to g e th e r  w ith  th e  known v a lu e s  o f  th e  en e rg y  d i f f e r e n c e s  
betw een th e  pb^^S p^SOV ground s t a t e s  and betw een th e  
Pb^O? ground and iso m e ric  s t a t e s ,  p roved  i t  u n l ik e ly  t h a t  
th e  r e a c t io n  to o k  p la c e  by d i r e c t  e m is s io n  o f  a n e u tro n  from  
an  e x c i te d  s t a t e  o f  pb^^S t o  th e  iso m e ric  s t a t e  o f  Pb^O?.
F o r i f  th e  Y -ray a b s o rp t io n  n e a r  th r e s h o ld  were E2 o r Ml a s  
m ight be e x p e c te d , th e n  th e  e m is s io n  o f a n i = = 4 o r > l = 6  
n e u tro n  would be r e q u ir e d  and th e  e m iss io n  o f  su ch  n e u tro n s  
a t  th e  en e rg y  a v a i la b le  sh o u ld  be s t r o n g ly  i n h i b i t e d  by th e  
c e n t r i f u g a l  b a r r i e r .  R eid  and M cN eill t h e r e f o r e  p ro p o sed  
th e  e x is te n c e  o f a  s t a t e  o f  s p in  ~  and odd p a r i t y  j u s t  
above th e  Iso m e ric  s t a t e .  Such a  s t a t e  co u ld  be fe d  by E2 
y - r a y  a b s o rp t io n  in  Pb^^B fo llo w e d  by e m is s io n  o f  an  £ = 3 
n e u tro n  and t h i s  th e y  conc luded  was th e  m ost l i k e l y  p ro d u c ­
t i o n  mode in  v iew  of t h e i r  th r e s h o ld  m easu rem en ts.
Such a  s t a t e  o f  odd p a r i t y  and  s p in  ^  i n  Pb%07 sh o u ld
be d e te c ta b le  i n  th e  decay  o f B i207 . E le c t r o n  c a p tu re  
t r a n s i t i o n s  to  i t  from  th e  h^yg Bi^O? ground  s t a t e  would be
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"a llo w e d ” and th e r e f o r e  e x p e c te d  t o  com pete s t r o n g ly  w ith  
th e  o th e r  t r a n s i t i o n s .  I t  would be e x p e c te d  to  d ecay  
p r im a r i ly  by E l  Y -rays t o  th e  iso m e r ic  s t a t e .
The e x is te n c e  o f  a low  en e rg y  Y -ray  t r a n s i t i o n  o f 
en e rg y  0 .137  o r  0 .0 6 4  MeV in  th e  d ecay  o f Bi^O? was 
su g g e s te d  (Neumann, 1951) to  e x p la in  an  o b se rv ed  e l e c t r o n  
group b u t t h i s  was l a t e r  shown t o  be more p ro b a b ly  an Auger 
e l e c t r o n  group  (W ap stra , 1 9 5 3 ). No o th e r  low  e n e rg y  Y -rays 
had been  r e p o r te d  b u t th e  r e s u l t s  o f P r e s c o t t  (1954) 
in d ic a te d  t h a t  th e r e  m ight be a  second  s t a t e  v e ry  c lo s e  to  
th e  i^g y g  s t a t e .  U sing  a c o in c id e n c e  c i r c u i t  o f 1 .5  m ic ro ­
seconds r e s o lv in g  tim e P r e s c o t t  found  1 .0 7  MeV Y«»rays in  
prom pt c o in c id e n c e  w ith  th e  K X -ra y s  fo llo w in g  e l e c t r o n  
c a p tu re  i n  B i^ ^ ^ . I f  an s t a t e  were c lo s e  enough t o
th e  i^gyg  s t a t e  th e  M3 t r a n s i t i o n  o f e n e rg y  1 .0 7  MeV t o  th e  
f g / 2  s t a t e ,  w ith  an  ex p e c te d  h a l f - l i f e  ab o u t 1 t o  5 m ic ro ­
se c o n d s , m igh t com pete a p p re c ia b ly  w ith  th e  E l  t r a n s i t i o n  
t o  th e  iso m e ric  s t a t e  and th e  l a t t e r  m igh t have escap ed  
d e te c t io n  owing to  i t s  low  e n e rg y . T h is  s i t u a t i o n  co u ld  
e x p la in  b o th  th e  r e s u l t s  o f  He id  (1954a) and  th e  prom pt 
c o in c id e n c e s  found by P r e s c o t t  (1 9 5 4 ).
The l i f e t im e  o f su ch  a  Y -ray , o f en e rg y  ab o u t 1 MeV 
and M3 n a tu re  sh o u ld  be m easu rab le  by m odem  d e la y e d  
c o in c id e n c e  m ethods and i t  was th e r e f o r e  d e c id e d  to  
i n v e s t ig a te  th e  K X -ray  -  1 MeV Y -ray  c o in c id e n c e s  u s in g  
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A B e l l -P e tc h  f a s t - s lo w  eo ln o id e n c e  c i r c u i t ,  k in d ly  
l e n t  by D r. G. M. l e w is ,  was u sed  to  exam ine c o in c id e n c e s  
betw een le a d  K X -ray s  and 1 .0 6  MeV Y -rays e m it te d  by a  B i^07 
s o u rc e .  Two N a l(T l)  s c i n t i l l a t i o n  c o u n te r s  were u sed  a s  
d e t e c t o r s .  One c r y s t a l  one inch, sq u a re  was o n ly  1 mm. t h i c k  
and h a d , t h e r e f o r e ,  a  low  d e t e c t io n  e f f i c i e n c y  f o r  e i t h e r  
1 .0 6  o r  0 .5  MeV Y -rays bu t an a b s o rp t io n  p r o b a b i l i t y  o f  70^ 
f o r  le a d  K X -ray s  o f  75 keV. The o th e r  c r y s t a l ,  a  2" lo n g  
by I f "  d ia m e te r  c y l in d e r  had a  d e te c t io n  e f f i c i e n c y  o f 65^ 
f o r  1 .0 6  MeV Y -rays p a s s in g  th ro u g h  i t .  The d i s c r im in a to r  
on th e  slow  ch an n e l f e d  by th e  l a r g e  c r y s t a l  was s e t  j u s t  
above th e  t o t a l  a b s o rp t io n  peak  in  th e  sp e c tru m  o f Cs^^^ 
Y -rays (0 .6 6  MeV) so a s  t o  en su re  r e j e c t i o n  of a l l  p u ls e s  
from  0 .5  MeV Y -rays b u t a c c e p t th o s e  from  1 .0 6  MeV Y -ra y s . 
The o th e r  d i s c r im in a to r  was s e t  a t  th e  p h o to p eak  from  HaD 
45 keV Y -rays t o  g iv e  h ig h  e f f i c i e n c y  f o r  th e  le a d  X X -ra y s .
W ith th e  B i^^^ so u rce  p la c e d  betw een  th e  two c o u n te r s  
th e  c o in c id e n c e  c o u n tin g  r a t e  was m easured  f o r  v a r io u s  
a d d i t i o n a l  d e la y s  betw een th e  c o u n te r s .  I n  f i g .  2 .5  th e  
lo g a r i th m  o f th e  c o u n tin g  r a t e  i s  p l o t t e d  a g a in s t  d e la y  in  
m il l i -m ic ro s e c o n d s .  I t  can  be seen  t h a t  e i t h e r  th e  d e la y  
o f  th e  1 .0 6  MeV Y -ray  a f t e r  th e  K X -ray  i s  < 5 x 10“® s e c .  
o r  t h a t  i f  th e re  i s  any lo n g - l iv e d  com ponent i t  i s  o f  v e ry  
low  i n t e n s i t y .
The c o in c id e n c e  c o u n tin g  r a t e  a t  l a r g e  d e la y s  i s  ^  0 .5  
c o u n ts /m in . The random c o in c id e n c e  r a t e  c a lc u la te d  from  th e
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m easured s in g le  ch an n e l c o u n tin g  r a t e s  and  th e  m easured 
r e s o lv in g  tim e i s  ^  0 .3  c o u n ts /m in . Thus th e  c o u n tin g  r a t e  
from  any lo n g - l iv e d  component i s  << 0.1% o f  th e  prom pt 
c o in c id e n c e  c o u n tin g  r a t e .  I t  i s  t h e r e f o r e  con c lu d ed  t h a t  
th e r e  a r e  no M3 Y -rays o f  en e rg y  ab o u t 1 MeV o f m easu rab le  
i n t e n s i t y ,  fo llo w in g  th e  decay  o f u n le s s  th e  h a l f -
l i f e  o f th e  t r a n s i t i o n  i s  v e ry  much l e s s  th a n  t h a t  p r e d ic te d  
by W eisskopf*3 s in g le  p a r t i c l e  fo rm u la  and th e  e x is te n c e  o f  
th e  s t a t e  p roposed  by H eld and M cN eill t o  e x p la in  t h e i r  
th r e s h o ld  m easurem ents i s  u n l ik e ly .
(S h o r t ly  a f t e r  t h i s  work was co m p le ted , th e  d is c re p a n c y  
n o te d  by R e id  and M cN eill was re s o lv e d  by th e  work o f  B endel 
e t  a l .  (1955) who d i r e c t l y  m easured  th e  e f f e c t i v e  th r e s h o ld  
f o r  th e  Pb^08( y ,n)Pb207‘* r e a c t io n  and  found  i t  to  be 1 0 .2  
MeV. Thus a l th o u g h  th e  en e rg y  d i f f e r e n c e  betw een  th e  Pb®0® 
ground s t a t e  and (Pb^O?* +  n) i s  o n ly  9 .0  MeV th e  c e n t r i f u g a l  
b a r r i e r  e f f e c t i v e l y  p re v e n ts  n e u tro n s  b e in g  e m itte d  w ith  
l e s s  th a n  1 MeV e n e rg y . Once th e  e n e rg y  i s  s u f f i c i e n t  t o  
overcome t h i s  b a r r i e r  th e  c r o s s  s e c t io n  r i s e s  much more 
s te e p ly  w ith  f u r t h e r  in c re a s e  o f  Y-ray e n e rg y  th a n  th e  
c ro s s  s e c t io n s  f o r  th e  (Y ,n) r e a c t io n s  i n  th e  s i l v e r  is o to p e s  
and t h i s  f a c t ,  unknown t o  R eid  and M cN eill, e x p la in s  th e  
e r r o r  i n  t h e i r  r e s u l t .  L a te r  work by L a z a r  and  Klema (1955) 
showed t h a t  a l l  th e  X X -ray  -  1 .0 7  MeV prom pt c o in c id e n c e s  
found by P r e s c o t t  (1954) co u ld  be ac c o u n te d  f o r  by 
c o in c id e n c e s  betw een 1 .0 7  MeV t r a n s i t i o n s  and X X -ray s from
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i n t e r n a l l y  co n v e rted  0 .5  MeV t r a n s i t i o n s  from  th e  f s t a t e  
t o  th e  ph^07 ground s t a t e .)
S e c t io n  8 .4  C o n c lu sio n s
The m easured r a t i o  o f  th e  r e l a t i v e  y i e ld s  o f  th e  
iso m e r ic  and ground s t a t e s  o f  Pb^07 be com pared w ith  
an a la g o u s  r e s u l t s  o b ta in e d  f o r  th e  is o to p e s  Br®^ (K a tz ,
1 9 5 2 ), In ^ ^ ^  (G oldem berg, 1953) and  Zr®^ (K a tz , 1 9 5 3 ).
(The r e s u l t s  i n  th e  l a s t  p a p e r  f o r  Mo^^ a r e  in  e r r o r  owing 
to  a m is ta k e  in  th e  i n t e r p r e t a t i o n  o f th e  d ecay  scheme o f 
Mo^l and i t s  iso m e r ic  s t a t e — see  below . C h a p te r  IV .)
I n  ea ch  o f th e s e  th r e e  c a s e s  th e  r a t i o  o f  th e  c ro s s  
s e c t io n s  f o r  p ro d u c tio n  o f th e  ground and iso m e r ic  s t a t e s  
rem ains a lm o st c o n s ta n t  a s  th e  in c id e n t  Y -ray  e n e rg y  
in c r e a s e s  th ro u g h  th e  g ia n t  re s o n a n c e . As th e  v a r i a t i o n  
w ith  en e rg y  o f th e  Y -ray  a b s o rp t io n  f o r  h ig h e r  m u l t i p o l a r i t i e s  
i s  ex p e c te d  t o  be q u i te  d i f f e r e n t  from  t h a t  f o r  th e  d ip o le  
re so n an ce  i t  a p p e a rs  t h a t  th e  m easured r a t i o  i s  t h a t  
a s s o c ia te d  w ith  p ro d u c tio n  o f b o th  th e  s t a t e s  by d ip o le  
a b s o rp t io n .
K atz h as  shown t h a t  th e  a ssu m p tio n  o f  d ip o le  a b s o rp t io n  
o f Y -rays and s t a t i s t i c a l  em iss io n  o f n e u tro n s  from  th e  
compound n u c le u s  y ie ld s  a  p la u s ib le  e x p la n a t io n  o f th e
m easured r a t i o  f o r  Br®0.
A s im i l a r  a n a ly s i s  o f  th e  le a d  ex p erim en t fo llo w s  and 
w i l l  be se e n  to  p r e d i c t  a  r a t i o  much s m a lle r  th a n  th e
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o b se rv ed  one b u t i f  th e  r e a c t i o n  i s  d e s c r ib e d  i n  te rm s  o f
th e  W ilk in so n  th e o ry  o f p h o to d is in te g r a t io n  re a s o n a b le
agreem ent w ith  th e  o b s e rv a t io n s  i s  o b ta in e d .  F i r s t  l e t  us
c o n s id e r  d ip o le  a b s o rp t io n  o f  a  y - ra y  fo llo w e d  by s t a t i s t i c a l
e m iss io n  o f n e u tro n s  from  th e  e x c i te d  pb^^® n u c l e i .
The s p in  and p a r i t y  o f th e  Pb^O® ground s t a t e  a r e  0+;
th e r e f o r e  an  in te rm e d ia te  s t a t e  form ed by d ip o le  a b s o rp t io n
w i l l  have s p in  and p a r i t y  1 - .  I f  t h i s  e x c i te d  s t a t e  e m its
a n e u tro n  Pb^^*^ w i l l  be form ed and su b se q u en t Y -ray e m iss io n
may le a v e  i t  in  e i t h e r  th e  ij^gyg iso m e r ic  s t a t e  o f  th e
ground s t a t e .  As th e r e  a re  known e x c i te d  s t a t e s  o f
3 5 7below  3 .4  MeV, w ith  s p in s  - ,  g  and g  i t  i s  u n l ik e ly  t h a t  any 
h ig h e r  s t a t e  w i l l  r e a c h  th e  i^^^yg s t a t e  by Y -ray ca scad e  
u n le s s  i t s  s p in  i s  a t  l e a s t  To form  su ch  a  s t a t e
r e q u i r e s  th e  e m iss io n  o f  a n e u tro n  from  a s p in  1 s t a t e  w ith  
o r b i t a l  a n g u la r  momentum /t > 4 . Such e m iss io n  i s  h ig h ly  
in h ib i te d ,  i f  th e  n e u tro n s  a re  e m it te d  a c c o rd in g  to  a  
s t a t i s t i c a l  p ro c e ss , by th e  c e n t r i f u g a l  b a r r i e r .
I f  th e  (Y ,n) c r o s s  s e c t io n  cu rve  f o r  Pb^O® i s  assum ed 
to  have th e  same form  a s  t h a t  f o r  n a t u r a l  Pb ( M o n ta lb e t t i ,
1953) th e  r e l a t i v e  numbers o f r e a c t i o n  p ro c e e d in g  th ro u g h  
a pb^^® e x c i te d  s t a t e  o f e n e rg y  b e tw een  Ey and Ey 4- dSy can  
be found by m u lt ip ly in g  th e  o rd in a te  o f  th e  c ro s s  s e c t io n
curve  by th e  number o f  b re m ss tra h lu n g  q u an ta  i n  th e  en e rg y  
ra n g e , a s  found from  th e  t a b l e s  p u b lis h e d  by K atz and Cameron 






The f Y , n ) c r o s s  s e c t i o n  f o r  ?b.
The product  o f  th e  ( y , n ) c r o s s  s e c t i o n  f o r  
l ea d  and t h e  bremsstrahlung^ sp ec tru m .
/E ^I27M ey
Ej* l4 7 M eV /
/  E ^ I07M eV  /
E.= I67M«V
2 3 4  5
E —" McV
F i g .  8 . 5
Neutron e n e r g y  d i s t r i b u t i o n s ,  p r e d i c t e d  by the  s t a t i s t i c a l  
t h e o r y ,  f o r  th e  ( y , n )  r e a c t i o n  in  Pb^^®, f o r  v a r i o u s  y - r a y  
e n e r g i e s  ( s o l i d  l i n e s ) .
T r a n s m i s s i o n  c o e f f i c i e n t s  a t  th e  n u c l e a r  s u r f a c e  f o r  
n e u t r o n s  ( d o t t e d  l i n e s ) .
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p ro d u c t o f  th e  b re m ss tra h lu n g  sp ec tru m  tim e s  th e  c ro s s  
s e c t io n  a r e  shown in  f i g .  S .4 . F o r s e v e r a l  e x c i t a t i o n s  E y , 
th e  e n e rg y  d i s t r i b u t i o n  o f e m itte d  n e u tro n s  was c a lc u l a te d  
u s in g  th e  s t a t i s t i c a l  th e o ry  d ev e lo p ed  by W eisskopf (1 9 5 2 ). 
The n u c le a r  te m p e ra tu re s  w ere c a lc u la te d  from  th e  e x c i t a t i o n  
e n e rg y , € , a v a i la b le  in  th e  r e s id u a l  The c u rv e s
p l o t t e d  i n  f i g .  2 .5  ( s o l id  l i n e s )  a r e  th e  p r e d ic te d  n e u tro n  
e n e rg y  d i s t r i b u t i o n s  f o r  e x c i t a t i o n s  c o rre sp o n d in g  to  
a b s o rp t io n  by Pb^^® o f  y - ra y s  o f  en e rg y  1 0 .7 , 1 2 .7 ,  1 4 .7  
and 1 6 .7  MeV r e s p e c t iv e ly .  The a r e a  u n d e r  e a ch  cu rv e  i s  
p r o p o r t io n a l  t o  th e  c o rre sp o n d in g  o r d in a te  in  cu rve  2 , f i g .  
2 .4 .
The e m iss io n  o f low  en e rg y  n e u tro n s  w ith  h ig h  a n g u la r  
momenta i s  in h ib i t e d  by th e  c e n t r i f u g a l  b a r r i e r .  The 
p r o b a b i l i t y  o f a  n e u tro n  b e in g  e m it te d  w ith  g iv e n  a n g u la r  
momentum, i ,  and e n e rg y , E , i s  g iv e n  by th e  t r a n s m is s io n  
c o e f f i c i e n t  T ^ (E ). These f u n c t io n s  have been  p l o t t e d  by 
F e ld  e t  a l .  (1951) and a re  shown in  f i g .  2 .5  ( d o t te d  l i n e ) .  
I t  can  be seen  t h a t  o ver 80^ o f th e  n e u tro n s  a r e  e x p e c te d  
to  be e m it te d  w ith  e n e rg ie s  below  2 .5  MeV in  a  r e g io n  vÈiere 
T5 i s  n e g l ig ib le  and T4 i s  below  10^ . From th e s e  c u rv e s  i t  
i s  e s t im a te d  th a t  v e ry  much l e s s  th a n  1% o f  th e  n e u tro n s  
w i l l  be e m itte d  w ith  J  > 4 .
T h is  th e o ry  i s  v e ry  ap p ro x im ate  b u t i t  does seem to  
p r e d ic t  a  c o n s id e ra b ly  s m a lle r  r a t i o  o f  th e  y ie ld s  th a n  
t h a t  o b ta in e d  e x p e r im e n ta l ly .
Table I I . 1
R e la t iv e  s t r e n g th s  o f  th e  s in g le  p a r t i c l e  d ip o le  t r a n s i -
208 Thet i o n s  by w hich a y - ra y  may be ab so rb e d  by Pb 
p e rc e n ta g e s  shown were c a lc u l a t e d  u s in g  v a lu e s  o f  th e  enhance­
ment f a c t o r s  and r a d i a l  o v e r la p  i n t e g r a l s  g iv e n  by W ilk in so n  
(1956a) and e f f e c t i v e  c h a rg e s  o f  e j  f o r  p ro to n s  and -o ^  f o r  
n e u t ro n s .
N eu tron  T r a n s i t io n s
P e rc e n ta g e  o fT r a n s i t i o n t o t a l  a b s o rp t io n
^^1 3 /2  “ ^^1 5 /2 1 6 .0
^ ^ 1 3 /2  -  ^31 3 /2 0 .1 5
^ ^ 1 3 /2  ■ ^ ^ 1 1 /2 0 .8 0
®Pl/2  ■ ®^3/2 1 .2 2
3 P i/2  -  ■^ *1 /2 0 .37
®P3/2 -  ®"^5/2 2 .2 0
3P 3/2  ■ ®*^3/2 0 .2 5
3P 3 /2  -  4S i /2 0 .7 4
2 f5 /2  -  2 g 7 /2 4 .6 6
^ ^ 5 /2  “ ^*^5/2 0 .0 4
2 ^ 5 /2  ■ 5 * 3 /2 0 .6 2
^ ^ 7 /2  “ 5 g g /2 6 .0 2
2f ? /2  -  2 g 7 /2 0 .1 7
2 f7 /2  -  3 * 5 /2 0 .8 7
^ 9 / 2  ■ ^ ^ 1 1 /2 1 1 .2
* ^ 9 /2  “  ^* 9 /2 0 .0 2
H19/2  “ ^8 7 /2 0 .5 9
^^1 1 /2  ■ 289 /2 1 .3 6
^ 1 1 /2  "  ^^1 1 /2 0 .3 3
T o ta l  ;= 47.61%
P ro to n  T r a n s i t io n s
P e rcen tag e  o fT r a n s i t i o n t o t a l  a b s o rp tio n
^ ^1 1 /2  ■ ^^1 3 /2 2 0 .3
^^1 1 /2  ■ ^ ^ 1 1 /2 0 .2 6
^ ^ 11 /2  "  ^®9 /2 1 .1 0
3Si / 2 -  3 p g /g 1 .6 8
5= 1/2  ■ 5 P i/2 0 .8 4
2*3 /2  -  2 ^ 5 /2 4 .4 6
2*3 /2  "  5P3 /2 0 .1 4
2 * 3 /2  -  5 p i /2 0 .6 8
2 * 5 /2  "  2 ^ 7 /2 6 .4 5
2 * 5 /2  "  2 ^5 /2 0 .3 2
2*5 /2  -  5P3/2 1 .2 3
*8 7 /2  ■ ^ ^ 9 /2 1 3 .2
^ * 7 /2  "  2^7 /2 0 .03
*8 7 /2  -  2f g /2 0 .7 4
^8 9 /2  -  2 ^ 7 /2 0 .97
*gg/ 2  -  ^^ 9 /2 0 .3 1
T o ta l  : 52.71%
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The th e o ry  o f  p h o to d is in te g r a t io n  p ro p o sed  by W ilk in so n  
and d is c u s s e d  i n  th e  in t r o d u c t io n  p ro v id e s  a n  i n t e r p r e t a t i o n  
in  te rm s o f th e  re so n an ce  d i r e c t  e f f e c t  w hich  comes c lo s e r  
to  p r e d ic t in g  th e  o b se rv ed  r a t i o .  I f  th e  a b s o rp t io n  of 
y -ra y s  by th e  Pb^^® n u c le u s  ta k e s  p la c e  by s in g l e  p a r t i c l e  
t r a n s i t i o n s ,  and i f  some o f th e  n u c leo n s  th u s  e x c i t e d  a r e  
e m itte d  d i r e c t l y ,  c e r t a i n  of th e s e  e v e n ts  w i l l  le a v e  th e  
Pb^^"^ n u c le u s  i n  th e  iso m e r ic  s t a t e .  An ap p ro x im a te  
c a l c u l a t i o n  o f  th e  num bers o f  th e s e  e v e n ts  can be made.
U sing  th e  enhancem ent f a c t o r s  and r a d i a l  o v e r la p
i n t e g r a l s  g iv e n  by W ilk in so n  (1956a) and th e  e f f e c t i v e
ch a rg e s  e -  f o r  p ro to n s  and  eS f o r  n e u t ro n s ,  c o n t r ib u t io n s  
A A
o f th e  im p o rta n t n e u tro n  and p ro to n  t r a n s i t i o n s  were 
c a lc u l a t e d .  E ach o f th e s e  t r a n s i t i o n s  sh o u ld  c o n t r ib u te  
th e  p e rc e n ta g e  shown in  t a b l e  lE .l  to  th e  t o t a l  d ip o le  
a b s o rp t io n  assum ing  th e y  a re  a l l  o f  e q u a l e n e rg y . I f  th e  
e n e rg ie s  o f th e  in d iv id u a l  t r a n s i t i o n s  w ere known th e  
p e rc e n ta g e s  sh o u ld  be c o r r e c te d  f o r  th e  in c r e a s e  i n  th e  
t r a n s i t i o n  p r o b a b i l i t y  p r o p o r t io n a l  t o  (Ey)® and f o r  th e  
r e d u c t io n  o f  th e  number o f  q u an ta  i n  th e  b re m ss tra h lu n g  
spectrum  w ith  in c re a s in g  e n e rg y , Ey. From ta b l e  n . l  i t  
may be se e n  th a t  th e r e  a r e  th r e e  p o s s ib le  t r a n s i t i o n s  f o r  
n e u tro n s  i n  th e  i q s / g  s h e l l .  D ir e c t  e m is s io n  of one o f 
th e s e  n e u tro n s  w i l l  le a v e  th e  u n p e r tu rb e d  co re  w ith  one 
u n p a ire d  n e u tro n  in  th e  iq g ^g  s t a t e ,  th e  c o n f ig u r a t io n  
c o rre sp o n d in g  to  th e  iso m e ric  s t a t e  o f  Pb^®*^. The
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p r o b a b i l i t y  f o r  such  e m iss io n  i s  g iv e n  by W ilk in so n  as
Q  ^  2 k P h 2 /m  
2W
k = wave number o f  e x c i te d  n u c leo n
M = mass o f  n u c leo n
R = r a d iu s  = 1 .5 5  x 10"^®A^^ cm =  8 x  10“ ^® cm f o r  Pb^®®
W r e p r e s e n ts  th e  com plex p a r t  o f  th e  o p t i c a l  m odel 
p o t e n t i a l  o f th e  n u c le u s  and m easures th e  i n t e r a c t i o n  
s t r e n g th  betw een th e  e x c i te d  n u c leo n  and th e  c o r e .  W ilk in so n  
su g g e s ts  a v a lu e ,  f o r  l e a d ,  o f 2W = 3 MeV.
P i s  th e  p e n e t r a b i l i t y  th ro u g h  th e  b a r r i e r  w h ich , f o r  
n e u tro n s ,  i s  p u re ly  c e n t r i f u g a l  and i s  th e r e f o r e  e q u a l to  
Tj^(E) f o r  a  n e u tro n  o f  o r b i t a l  a n g u la r  momentum J  and 
en e rg y  E (s e e  f i g .  2 .5 ) .
The e n e rg y  of n e u tro n s  e m itte d  from  th e  I J i s / g  o r  
2h]^2 /2  s t a t e s  le a v in g  th e  Pb^®"  ^ in  th e  iso m e r ic  s t a t e  w i l l  
be g iv e n  by
E = Ey -  7 .3  MeV -  1 .6  MeV 
where 7 .3  MeV i s  th e  s e p a r a t io n  en e rg y  o f a  n e u tro n  from  
Pb208^ 1 .6  MeV i s  th e  e x c i t a t i o n  o f  th e  is o m e r ic  s t a t e  in  
Pb^^"^ and Ey th e  en e rg y  o f  th e  in c id e n t  Y -ra y .
F o r th e  s t a t e ,  P = Ti^(E). I f  th e  l i ^ g / g  “ ^ ^ ^ 1 5 /2
t r a n s i t i o n ,  w hich g iv e s  th e  second s t r o n g e s t  a b s o rp t io n ,  
o c c u rs  a t  th e  c e n t r e  o f  th e  g ia n t  re so n a n ce  th e n  Ey =  1 5 .7  
MeV, E =  4 .8  and th e  v a lu e  o f  Ty i s  s u f f i c i e n t l y  sm a ll t o  
make th e  c o n t r ib u t io n  o f th e  re so n a n ce  d i r e c t  e f f e c t
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n e g l ig ib le  0 .5 # ) .  The en e rg y  o f  the t r a n s i t i o n ,  how ever, 
may be somewhat h ig h e r .  W ilk in so n  e s t im a te s  t h a t  i t  o ccu rs  
a t  1 .0 5  tim e s  th e  en e rg y  o f th e  ^1 3 /2  P h o to n
t r a n s i t i o n ,  th e  s t r o n g e s t  s in g le  t r a n s i t i o n .  I f  we a c c e p t 
t h i s  r a t i o  and s e t  th e  l a t t e r  a t  Ey = 1 3 .7 , th e n  E f o r  th e  
315/2  n e u tro n  becomes E =  5 .5  Me7 and th e  c o n t r ib u t io n  o f 
th e  re so n a n ce  d i r e c t  e m is s io n  ^  0 .7 #  o f th e  t o t a l  number o f  
t r a n s i t i o n s .  TyE in c r e a s e s  v e ry  r a p i d l y  w ith  E in  t h i s  
r e g io n  and th u s  f o r  th e  t r a n s i t i o n  t o  c o n t r ib u t e  th e  f u l l  
m easured v a lu e  of 8 . 2# i t  would o n ly  be n e c e s s a ry  t o  a s s ig n  
i t  to  a  Y -ray  a b s o rp t io n  en e rg y  o f 15 MeV. Thus th e  con­
t r i b u t i o n  of th e  re so n a n ce  d i r e c t  e m is s io n , a s s o c ia te d  w ith  
t h i s  t r a n s i t i o n ,  to  th e  fo rm a tio n  o f th e  is o m e r ic  s t a t e  
depends c r i t i c a l l y  on th e  en e rg y  d i f f e r e n c e  betw een  th e  
^13 /8  ^15/8 s t a t e s .  A v a ila b le  n u c le a r  d a ta  does n o t
p e rm it a  d e c i s iv e ly  a c c u ra te  c a l c u l a t i o n  o f t h i s  e n e rg y  
d i f f e r e n c e  bu t a  v a lu e  w hich would a l lo w  th e  t r a n s i t i o n  to  
c o n t r ib u te  th e  whole o b se rv ed  y ie ld  o f th e  iso m e r ic  s t a t e  
i s  n o t u n re a s o n a b le .
The t r a n s i t i o n  o f an  i^ g /g  n e u tro n  t o  th e  2 b i i / g  s t a t e  
m ight a l s o  make a s i g n i f i c a n t  c o n t r ib u t io n .  I t s  s t r e n g th  
a s  shown i n  t a b le  H . l  i s  o n ly  0 .8 1 # . However, a s  i t  in v o lv e s  
a change in  p r i n c i p a l  quantum num ber, i t  i s  e x p e c te d  to  o ccu r
a t  c o n s id e ra b ly  h ig h e r  e n e rg y  th a n  th e  t r a n s i t i o n  t o  th e
3i 5 /2  s t a t e — in  th e  an a lag o u s  ca se  f o r  p ro to n s  in  le a d  
W ilk in son  p la c e s  th e  I h  8g t r a n s i t i o n  a t  a p p ro x im a te ly
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tw ic e  th e  en e rg y  o f th e  Ih  —» l i  t r a n s i t i o n .  I f  th e  
^13 /2  ^ ^ ^ 1 1 /2  0ii®3rgy d i f f e r e n c e  i s  n e a r  th e  to p  o f th e  
o b se rv ed  g ia n t  re so n a n ce  a t  s a y , 1 7 .9  MeY th e n  i t s  s t r e n g th  
would be e x p e c te d  t o  be enhanced by a  f a c t o r  o v e r
th e  s t r e n g th  f o r  t r a n s i t i o n s  a t  th e  g ia n t  re so n a n c e  peak  
b u t red u ced  by a f a c t o r  0 .6 2  f o r  th e  red u ce d  number o f 
b re m ss tra h lu n g  q u an ta  g iv in g  a  n e t  enhancem ent o f 1 .4 .  As 
th e  p e n e t r a b i l i t y  o f  th e  c e n t r i f u g a l  b a r r i e r  i s  i n  t h i s  
ca se  T g (E ) , th e  t o t a l  c o n t r ib u t io n  t o  th e  iso m e r ic  s t a t e  
would be ab o u t 0 . 8# .
Thus w ith  re a s o n a b le  a s su m p tio n s  ab o u t th e  t r a n s i t i o n s  
th e  re so n a n ce  d i r e c t  e m iss io n  o f  n e u tro n s  e x c i t e d  by d ip o le  
a b s o rp t io n  from  th e  i^ g /g  l e v e l  o f Pb^OG can  acco u n t f o r  
th e  o b se rv ed  r a t i o  o f  the  p ro d u c tio n  o f th e  iso m e r ic  s t a t e  
o f Pb^O? to  th e  p ro d u c tio n  o f th e  ground  s t a t e  w hereas 
s im p le  c a lc u l a t i o n s  w ith  th e  s t a t i s t i c a l  m odel p r e d ic t  a 
much s m a lle r  r a t i o .  T h is  e x p e r im e n ta l  ev id en c e  th u s  
s t r e n g th e n s  th e  argum en ts i n  f a v o u r  o f  W ilk in s o n 's  i n t e r p r e ­
t a t i o n  o f th e  p h o to d is in te g r a t io n  p r o c e s s .
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CHAPTBR I I I  THE SEARCH FOR AN ISOMERIC STATE OF
S e c t io n  3 .1  The N ucleus (Z =  8 5 , N =  29)
The ex p e rim en ts  d is c u s s e d  in  th e  p re v io u s  c h a p te r  were 
shown to  th ro w  l i g h t  on th e  t h e o r e t i c a l  u n d e rs ta n d in g  o f 
p h o to n u c le a r  r e a c t io n s .  I n  C h ap te r I  i t  was a l s o  shown t h a t  
th e  i n t e r p r e t a t i o n  o f lo n g  l iv e d  e x c i te d  s t a t e s  o f  n u c le i  
was one of the  im p o rta n t a p p l i c a t io n s  o f th e  s h e l l  m odel.
A s e a rc h  was th e r e f o r e  made f o r  o th e r  n u c le i  w ith  iso m e r ic  
s t a t e s  w hich had n o t been f u l l y  in v e s t ig a te d  and  w hich m ight 
be produced  by p h o to n u c le a r  r e a c t i o n s .
A r e p o r t  on a ^ -d e c a y  o f  h a l f - l i f e  ab o u t 2 m in u te s  was 
p u b lis h e d  by C a ld w ell and S to d d a r t  (1951) and t h i s  a c t i v i t y  
was a s s ig n e d  by them  to  an iso m e ric  s t a t e  i n  Mn^^ (C a ld w e ll , 
1951 and 1 9 5 5 ). The a c t i v i t y  was p roduced  by bom barding 
i r o n  w ith  10 MeV d o u te ro n s  and 14 MeV n e u t ro n s .  The a s s ig n ­
ment was b ased  on th e  r e l a t i v e  s t r e n g th s  o f  th e  so u rc e s  
produced  in  n a tu r a l  i r o n  t a r g e t s  and Fe^^ e n r ic h e d  t a r g e t s  
and th e  a ssu m p tio n  t h a t  t h e  r e a c t io n s  ta k in g  p la c e  were 
(d ,2 p )  and (n ,p )  r e s p e c t i v e l y .  C a ld w e ll (1955) a l s o  r e p o r te d  
t h a t  s im i l a r  ^ - a c t i v i t i e s  had been p ro d u ced  by 18 MeV p ro to n s  
in  s p e c t r o g r a p h ic a l ly  p u re  t a r g e t s  o f  m anganese and i r o n ,  
p resum ab ly  by th e  r e a c t io n s  M h55(p,pn) and Fe^^(p,oc) b u t t h a t  
p r e l im in a ry  a t te m p ts  t o  p roduce i t  by th e  r e a c t io n  M n ^ ^ (y ,n ), 
and by th e  r e a c t io n  C r^ ^ (p ,n )  u s in g  10 MeV p r o to n s ,  were 
u n s u c c e s s fu l .
C o n s id e rab le  in fo rm a tio n  a b o u t the  g round s t a t e  o f Mh^^
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and abou t th e  n e ig h b o u rin g  is o to p e s  (29 n e u tro n s  ) and
Mh^^ (25 p ro to n s )  was a v a i la b le  and p r e d ic t io n s  co u ld  be 
made on th e  b a s i s  o f th e  s h e l l  model ab o u t o th e r  s t a t e s  o f 
Mh^^.
The s p in  o f  Gr^S was m easured by s e v e r a l  m ethods (se e
N u c lea r l e v e l  schem es, 1955, f o r  r e f e r e n c e s )  and found to
be I  w hich s u g g e s ts  t h a t  th e  lo w e s t s t a t e  f o r  th e  s in g le
n e u tro n  o u ts id e  th e  c lo s e d  s h e l l  a t  N = 28 i s  th e  2pgyg
s t a t e  and n o t th e  n ea rb y  f^ y g  s t a t e .
Mh^^ i s ,  how ever, one o f  th e  e x c e p tio n s  to  th e  s in g le
p a r t i c l e  s h e l l  m odel p r e d ic t io n s  o f ground s t a t e  s p in s  and
p a r i t i e s .  I t s  5 p ro to n s  i n  th e  f^ y g  s h e l l  co u p le  to g e th e r
t o  form  a  s t a t e  o f s p in  Ë (N u c lea r l e v e l  schem es, 1 9 5 5 ).
^ 54The ground s t a t e  s p in  o f  Mn w i l l  th u s  p ro b a b ly  depend 
on th e  p a r t i c u l a r  c o n f ig u r a t io n  o f  f iv e  f^ y g  p ro to n s  and 
one pgyg n e u tro n  w hich g iv e s  lo w e s t e n e rg y  and would be 
ex p e c te d  t o  have a  s p in  betw een 2 and 5 .
The e l e c t r o n  c a p tu re  d ecay  of th e  Mn^^ ground s t a t e  t o  
Cr54 was w e ll  known and th e  en e rg y  d i f f e r e n c e  betw een th e  
ground s t a t e s  o f  th e  th r e e  is o b a r s  C r54 , Mn^^, and Fe54 had 
been e s t a b l i s h e d .  The ground s t a t e  s p in  and p a r i t y  o f 
seemed a lm o s t c e r t a i n l y  3+ (N u c lea r  l e v e l  schem es, 1 9 5 5 ).
The e x is te n c e  o f  s t a t e s  o f  v e ry  h ig h  s p in  i n  t h i s  re g io n
o f the p e r io d ic  t a b le  was b o th  p r e d ic te d  by F lo w ers  (1952)
and con firm ed  by e x p e rim e n t—e . g .  th e  S c ^  iso m e r ic  s t a t e  o f 
s p in  6 o r  7 , th e  7^0 ground s t a t e  o f  s p in  6—and th e r e f o r e
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th e  e x is te n c e  o f an is o m e r ic  s t a t e  in  Mh®  ^ seemed q u i te  
r e a s o n a b le .  Such a s t a t e  would be c a p a b le , a t  l e a s t  from  
e n e r g e t ic  c o n s id e r a t io n s ,  o f  d e c a y in g  by e m is s io n  o f  
n e g a tro n s ,  p o s i t r o n s  o r  Y -ray s . As th e  d e t e c t io n  o f  Y -rays 
would p e rm it th e  e f f i c i e n t  use o f  a  th i c k e r  so u rc e  th a n  
co u ld  be u sed  f o r  d e te c t in g  /S '- p a r t i c l e s  and a s  Y -rays 
would be p r e s e n t  in  e i t h e r  of th e  l a s t  two ty p e s  o f d ecay , 
and p o s s ib ly  in  th e  f i r s t  one, i t  was d e c id e d  t o  s e a rc h  f o r  
a  Y -ray a c t i v i t y  co n n ec ted  w ith  t h i s  r a d i o a c t i v i t y .
I f  th e  r e p o r te d  a c t i v i t y  was in  f a c t  th e  decay  o f an 
iso m e ric  s t a t e  o f  i t  seemed re a s o n a b le  t h a t  i t  co u ld
a l s o  be p roduced  by Mn^®(Y,n).
S e c t io n  3 .2  The E x p e rim e n ta l S ea rch  f o r  th e  R ep o rted  
Iso m e ric  S ta te
S o lid  sam ples o f  s p e c t r o g r a p h ic a l ly  p u re  m anganese w ere 
i r r a d i a t e d  i n  th e  23 MeV peak  en e rg y  b re m s s tra h lu n g  beam 
from  th e  s y n c h ro tro n  and q u ic k ly  removed to  a  s c i n t i l l a t i o n  
s p e c tro m e te r  c o n s is t in g  of a  I f ” d ia m e te r  by 2 ” lo n g  N a l(T l)  
c r y s t a l ,  a  DuMont 6292 p h o to m u l t ip l i e r ,  and c o n v e n tio n a l  
e l e c t r o n i c s .  I t  was found  t h a t  a  c o n s id e ra b le  Mn®  ^ a c t i v i t y  
was p roduced  in  th e  sam ple by n e u tro n s  i n  th e  beam and t h i s  
unw anted background was red u ced  by p la c in g  a ro u n d  th e
manganese t a r g e t  4 ” o f  p a r a f f i n  and a  0 .0 1 ” th ic k n e s s  s h e e t 
o f cadmium.
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.F ie .  3 .2
Decay c u r v e  f o r  0 , 51  ■'"e'"’’ f - r a y s  f rom 
b r e m s s t r a h l u n e  i r r a d i a t e d  r a n y a r e s s .
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s p e c tro m e te r  was d is p la y e d  on a  100 ch an n e l p u ls e - h e ig h t  
a n a ly s e r .  S p e c tra  ware o b ta in e d  f o r  s e v e r a l  s h o r t  c o u n tin g  
p e r io d s  a f t e r  e a ch  i r r a d i a t i o n  in  o rd e r  t o  be a b le  to  
s e p a ra te  any s h o r t  l i v e d  a c t i v i t i e s  from  lo n g e r  l iv e d  
backgrounds such  a s  th e  o f h a l f - l i f e  2 .6  h o u r s .
The s p e c t r a  shown in  f i g .  3 .1 ( a )  r e p r e s e n t  th e  c o u n ts  
o b ta in e d  d u r in g  th e  p e r io d s  from  one to  sev en  m in u te s  a f t e r  
th e  end o f th e  i r r a d i a t i o n  and from  16ÿ t o  22^ m in u te s  
a f t e r  i r r a d i a t i o n .  I n  sp ec tru m  1 th e r e  a r e  p eak s a t  0 .5 1  
MeV and 0 .8 5  MeV and i n  sp ec tru m  2 a  peak  o n ly  a t  0 .8 5  MeV. 
I n  f i g .  3 .1 (b )  i s  shown th e  d i f f e r e n c e ,  1 - 2 ,  show ing t h a t  
th e  o n ly  s h o r t  l iv e d  Y -ray  i s  th e  one a t  0 .5 1  MeV. S e v e ra l  
o th e r  ru n s  w ith  d i f f e r e n t  a m p l i f i e r  g a in  s e t t i n g s ,  to  lo o k  
f o r  h ig h e r  o r  low er en e rg y  Y -rays showed th e  same p eak s and 
no o th e r  s h o r t  l iv e d  Y -ray s .
U sing  a s in g le  c h an n e l p u ls e  h e ig h t  a n a ly s e r  s e t  t o  
a c c e p t p u ls e s  in  th e  0 .5 1  MeV t o t a l  en e rg y  p e a k , th e  d ecay  
r a t e  was m easu red . The c o u n ts  from  s ix  such  ru n s  w ere added 
to  red u ce  th e  s t a t i s t i c a l  e r r o r  and th e  r e s u l t s  a re  p lo t t e d  
in  f i g .  3 .2 .  The h a l f - l i f e  th u s  o b ta in e d  i s  2 .2  ±  0 .2  
m in u te s .
The en e rg y  o f th e  Y -ray  su g g e s te d  t h a t  i t  was p o s i t r o n  
a n n i h i l a t i o n  r a d i a t i o n :  t h i s  was co n firm ed  by a  c o in c id e n c e  
e x p e r im e n t. The i r r a d i a t e d  manganese was p la c e d  betw een two 
2" X I f ” d ia m e te r  N a l(T l)  c r y s t a l  s p e c tro m e te r s  a r ra n g e d  
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F ig .  3 ,3
B lock d iagram  o f  th e  a p p a ra tu s  f o r  m easurem ent o f 
th e  end p o in t en e rg y  o f th e  p o s i t r o n s  e m itte d  by 
manganese i r r a d i a t e d  w ith  23 MeV b re m ss tra h lu n g .
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went t o  t h e  s in g l e  c h a n n e l  a n a l y s e r  s e t  t o  a c c e p t  th o se  
from th e  0 .5 1  MeV t o t a l  e n e rg y  peak  and i t s  o u tp u t  was u sed  
t o  g a te  th e  100 ch a n n e l a n a l y s e r .  The p u l s e s  from  th e  
o th e r  p h o t o m u l t i p l i e r  were f e d  t o  t h e  in p u t  o f  th e  100 
ch a n n e l a n a l y s e r .  The c o in c id e n c e  sp e c tru m  th u s  o b ta in e d  
showed a peak  a t  0 .5 1  MeV. A second  ru n  was made w ith  th e  
c r y s t a l  ax es  p e r p e n d ic u la r  and th e  c e n t r e  o f  t h e  so u rce  
lo c a te d  a t  t h e i r  i n t e r s e c t i o n .  The c o u n t in g  r a t e  was 
n e g l i g i b l y  sm a ll  showing t h a t  th e  0 .5 1  MeV c o in c id e n t  y - ra y s  
had a  s t r o n g  180° a n g u la r  c o r r e l a t i o n  and  th u s  co n f irm in g  
t h a t  th e y  were p o s i t r o n  a n n i h i l a t i o n  r a d i a t i o n .  The 
c o in c id e n c e  c o u n tin g  r a t e  was sm a ll  bu t a  decay  curve was 
p l o t t e d  and th e  h a l f - l i f e  found t o  be 2 .0  ±  0 .5  m in . i n  
agreem ent w i th  th e  e a r l i e r  measurement •
I t  was th u s  shown t h a t  i r r a d i a t i o n  o f  manganese w ith  
b re m s s tra h lu n g  of p eak  en e rg y  23 MeV produced  a  v e ry  weak 
p o s i t r o n  a c t i v i t y  o f  h a l f - l i f e  2 .2  ±  0 .2  m in . and no o th e r  
d e t e c t a b l e  Y -ra y s .
An a t te m p t  was made to  m easure th e  p o s i t r o n  end p o in t
e n e rg y .  A t h i n  N a l(T l)  c r y s t a l ,  a p p ro x im a te ly  c i r c u l a r  and
abou t l i ” d ia m e te r  by i ” t h i c k ,  was u sed  t o  d e t e c t  th e
8
p o s i t r o n s .  A p ie c e  o f  manganese 0 .0 1 0 ” t h i c k  was i r r a d i a t e d  
f o r  4 m in u te s  and p la c e d  a g a i n s t  th e  t h i n  N a l(T l)  c r y s t a l .
P u ls e s  from  c o u n te r  2 ( se e  f i g .  3 .3 )  were p a s se d  t o  th e  
s i n g l e  ch a n n e l a n a ly s e r  and i t s  o u tp u t  used  t o  g a te  th e  
100 ch a n n e l a n a ly s e r  w hich re c o rd e d  th e  c o in c id e n t  p u l s e s
67
from  th e  t h i n  c r y s t a l .  Thus th e  sp ec tru m  o f  p u l s e s  i n  th e  
t h i n  c r y s t a l  i n  c o in c id e n ce  w i th  0 .5 1  MeV a n n i h i l a t i o n  
r a d i a t i o n  was o b ta in e d  and th e  backgrounds e l i m i n a t e d .
The c o u n t in g  r a t e  and s p e c t r a  were o b ta in e d  f o r  th e  p e r io d  
from  1 t o  4 m in u te s  a f t e r  ea ch  of 6 i r r a d i a t i o n s  and added 
t o g e t h e r .  From t h e i r  sum was s u b t r a c t e d  th e  sum o f  th e  
s p e c t r a  o b ta in e d  d u r in g  th e  p e r io d s  from  11 t o  14 m in u te s  
a f t e r  each  i r r a d i a t i o n .  Thus th e  e f f e c t s  o f  lo n g  l i v e d  
a c t i v i t i e s  were e l im in a t e d .  The r e s u l t i n g  sp ec tru m  was 
c o n s i s t e n t  w ith  a  /6"*" end p o in t  e n e rg y  o f  a p p ro x im a te ly  
2 .0  MeV.
The weakness o f  the  a c t i v i t y ,  i t s  p o s i t r o n  d e c a y ,  h a l f -  
l i f e  and end p o in t  e n e rg y  a l l  su g g e s te d  t h a t  i t  m igh t be due 
t o  0^^ p roduced  by (Y,n) r e a c t i o n s  i n  a  v e r y  sm a ll  amount 
o f  oxygen im p u r i ty ,  p o s s i b ly  due t o  s u r f a c e  o x id a t i o n  o f  th e  
manganese sam p les .  T h is  p o s s i b i l i t y  i s  f u r t h e r  d i s c u s s e d  
below .
A no ther p o s s ib le  method of p ro d u c t io n  of Mh^^* was 
Mh^®(n,2n) and sam ples of t h e  pu re  manganese were t h e r e f o r e  
i r r a d i a t e d  w ith  14 MeV n e u t ro n s  from  th e  H®(d,n)He^ r e a c t i o n  
f o r  4 m in u tes  and th e n  removed t o  th e  y - ra y  s p e c t r o m e te r .
I n  th e  u n g a ted  y - ra y  spec trum  a s t r o n g  peak was o b se rv ed  
due t o  a  s h o r t  l i v e d  V -ray  of 1 .4 0  MeV. T h is  was a s s ig n e d  
b o th  by i t s  h a l f - l i f e  and e n e rg y  to  th e  decay  o f  V^^ w hich 
co u ld  have been  p roduced  by th e  Mh^5(n,<x)V^^ r e a c t i o n .
Y -rays  from  Mh^G decay  were a l s o  o b se rv ed  but no 0 .5  MeV
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Y -rays o f  s u f f i c i e n t  i n t e n s i t y  t o  be d e t e c t e d  i n  th e  
p re se n c e  o f  th e  o th e r  a c t i v i t i e s .  To c o n f irm  t h i s  r e s u l t  
a n o th e r  sample was i r r a d i a t e d  and th e  Y -ray  sp e c tru m  in  
c o in c id e n c e  w ith  0 .5  MeV p u l s e s  was m easured w ith  th e  sou rce  
betw een th e  c r y s t a l s .  An alum inium  a b s o rb e r  betw een  each  
of th e  c r y s t a l s  and  the s o u rc e  p re v e n te d  ^ - p a r t i c l e s  from  
b e in g  d e t e c t e d .  A lthough  a sm a ll  number o f  r e a l  c o in c id e n c e s  
was o b se rv ed  th e r e  was no s ig n  of a  peak  a t  0 .5 1  MeV and 
th e  c o u n ts  cou ld  be e x p la in e d  a s  c o in c id e n c e s  betw een 
b re m s s tra h lu n g  from  th e  V®^ ^ f - p a r t i c l e s  and th e  a s s o c i a t e d  
Qr^S y - r a y s .
I f  th e  weak ^ f - a c t i v i t y  p roduced  in  manganese by 
i r r a d i a t i o n  w i th  23 MeV b re m s s tra h lu n g  was in d e ed  t o  be 
a s s ig n e d  t o  th e  decay  o f  th e  same s t a t e  a s  p roduced  by 
C a ld w ell  th e n  i t  sh o u ld  be d e t e c t a b l e  i n  sam ples  o f  i r o n  
i r r a d i a t e d  w i th  f a s t  n e u t ro n s .  As s e p a r a te d  i s o t o p e s  were 
no t a v a i l a b l e  n a t u r a l  i r o n  t a r g e t s  were i r r a d i a t e d  w i th  
14 MeV n e u t r o n s .  P o s i t r o n s  were d e t e c t e d  i n  th e  r e s u l t i n g  
decay  b u t t h e  m easured h a l f - l i f e  of abou t 9 m in u te s  s u g g e s te d  
t h a t  th e y  were due to  produced  by th e  r e a c t i o n
F e5 4 (n ,2 n )F e5 5 . The Q -value  f o r  t h i s  r e a c t i o n  i s  - 1 3 .2  MeV 
(N u c lea r  l e v e l  schem es, 1955) and i t  was t h e r e f o r e  p o s s i b l e  
t o  u t i l i z e  th e  v a r i a t i o n  of en e rg y  w i th  a n g le  o f  th e  n e u t ro n s
from  H ^(d,n)H e4 t o  red u ce  i t .  The e n e rg y  o f  the d e u te ro n  
beam was 160 keV and th e  e f f e c t i v e  t h i c k n e s s  o f  th e  t r i t i u m  
t a r g e t  ( t r i t i u m  ab so rb ed  i n  z irc o n iu m )  70 keV. Thus th e
69
n e u t ro n s  i n  th e  fo rw ard  d i r e c t i o n  had e n e r g i e s  from 1 4 .8  MeV 
t o  15 .0  MeV and th e  e n e rg y  a v a i l a b l e  i n  th e  c e n t r e  of mass 
f ra m e , when i n t e r a c t i n g  w i th  an Fe^^ n u c le u s ,  was from  14 .5 5  
t o  14 .75  MeV. With the  i r o n  t a r g e t  so p la c e d  t h a t  th e  
n e u t ro n s  r e a c h in g  i t  came from  th e  t r i t i u m  t a r g e t  a t  an  
a n g le  of > 130° t o  the  i n c id e n t  d e u te ro n  d i r e c t i o n  th e  
maximum en e rg y  a v a i l a b l e  i n  the  c e n t r e  o f  mass frame was
1 3 .3  MeV. Samples o f  i r o n  i r r a d i a t e d  i n  t h i s  l a t t e r  p o s i t i o n  
showed no d e t e c t a b l e  p o s i t r o n  a c t i v i t y .
I n  a l l  th e  Y -ray m easurem ents alum inium  a b s o rb e r s  were 
p la c e d  betw een th e  s o u rc e s  and N al c r y s t a l s  t o  e l im in a te  th e  
d i r e c t  d e t e c t i o n  of o r  / T - p a r t i c l e s .  When th e  i r o n  
sam ples i r r a d i a t e d  in  th e  1350 p o s i t i o n  were p la c e d  b e n e a th  
a g e ig e r  c o u n te r  a  s h o r t  l i v e d  a c t i v i t y  was d e t e c t e d  w hich , 
s in c e  i t  had no 0 .5 1  MeV y - r a y s  a s s o c i a t e d  w i th  i t ,  had t o  
be a /6"-decay . I t s  h a l f - l i f e  was m easured and found  t o  be 
1 .8  ± 0 .2  m in .
An a t te m p t  was made to  m easure th e  end p o in t  en e rg y  
u s in g  a  t h i n  (0 .0 0 6 "  t h i c k )  i r o n  t a r g e t  an d  a p l a s t i c  
s c i n t i l l a t o r .  As th e  co u n t in g  r a t e s  were low  th e  s p e c t r a  
from  co u n ts  fo l lo w in g  s i x  i r r a d i a t i o n s  were com bined. The 
r e s u l t  f o r  th e  end p o in t  en e rg y  was 2 .4  ±  0 .3  MeV, th e  low 
c o u n t in g  r a t e s  making a more a c c u r a te  m easurem ent u n f e a s i b l e .
Two ind ep en d en t s e t s  o f  runs  gave s i m i l a r  r e s u l t s .  The
h a l f - l i f e  and e n e rg y  m easurem ents p e rm it  th e  a ss ig n m en t of 
t h i s  a c t i v i t y  t o  th e  decay o f  Mh^^ produced  by Fe^'^(n,p)Mh^'^
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Thus from n e u t ro n  i r r a d i a t i o n s  o f  n a t u r a l  i r o n ,  no 
/3'*‘- a c t i v i t y  which co u ld  he a s s o c i a t e d  w ith  was
o b se rv ed  and any 2 m inute h a l f - l i f e  - a c t i v i t y  would be 
masked by th e  Mn^ "^  d ec a y .
At t h a t  t im e  D r. E .  G. M cN eill ,  who had c o l l a b o r a t e d  
i n  some o f  th e  p r e l im in a r y  m easurem ents f o r  t h e  above work, 
was sp en d in g  th e  summer a t  th e  U n iv e r s i t y  o f  Saskatchew an 
and had a v a i l a b l e  a  23 MeT B e ta t r o n  g iv in g  a b re m ss tra h lu n g  
i n t e n s i t y  20 t im es  g r e a t e r  th a n  t h a t  o b ta in a b l e  w i th  th e  
Glasgow s y n c h ro t r o n  and th e  peak  en e rg y  o f  which cou ld  be 
v e ry  a c c u r a t e l y  c o n t r o l l e d .  A sample of th e  p u re  manganese 
was t h e r e f o r e  s e n t  t o  him and he m easured  th e  t h r e s h o l d  f o r  
th e  p ro d u c t io n  o f  the 2 m inute h a l f - l i f e  p o s i t r o n  a c t i v i t y .  
B oth  th e  t h r e s h o l d  en e rg y  and th e  shape of th e  a c t i v a t i o n  
curve  j u s t  above i t  were i d e n t i c a l  w ith  th o se  f o r  0 ^ ^ (Y ,n )0 ^ ^ . 
F u r t h e r ,  a  com parison  of the  s t r e n g t h  o f  th e  a c t i v i t y  w i th  
t h a t  p roduced  i n  a  copper  t a r g e t  showed t h a t  ( i )  i f  i t  was 
due t o  Mh^^* th e  peak c ro s s  s e c t i o n  i n  th e  g i a n t  re so n an ce  
r e g io n  f o r  th e  r e a c t i o n  Mh^^( Y,n)Mn^^* was < 3 z  10*29 Qg^ 2 
and ( i i )  a l l  th e  o b se rv ed  a c t i v i t y  c o u ld  be ac c o u n te d  f o r  
by an  oxygen im p u r i ty  of 0 .1 ^ .  A lthough  t h i s  im p u r i ty  was 
c o n s id e r a b ly  g r e a t e r  th a n  th e  maximum quo ted  by th e  s u p p l i e r s  
o f  th e  m anganese, i n  v iew  o f  th e  p o s s i b i l i t y  o f  s u r fa c e
o x id a t io n  and th e  e x p e r im e n ta l  ev id en ce  i t  seemed most l i k e l y  
t h a t  t h e  ob se rv ed  p o s i t r o n  a c t i v i t y  was 0^5 .
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3 .3  C o n c lu s io n s
I t  was t h e r e f o r e  conc luded  t h a t  t h e r e  was no ev id en ce  
f o r  th e  p r o d u c t io n  o f  a p o s i t r o n  o r  y - ra y  a c t i v i t y  by 
b re jn s s tra h lu n g  i r r a d i a t i o n  of manganese o r  by n e u t ro n  
i r r a d i a t i o n  of i r o n .  A lthough  a 2 m inute  h a l f - l i f e  n e g a t ro n  
a c t i v i t y  m igh t be produced  by F e ^ ^ (n ,p )  i t  c o u ld  n o t be 
d e t e c t e d  w ith o u t  a s e p a r a te d  i s o to p e  t a r g e t  b ecau se  o f  th e  
l a r g e  amount o f  p roduced  when n a t u r a l  i r o n  was
i r r a d i a t e d  w i th  14 MeV n e u t r o n s .  F i n a l l y ,  e x p e r im e n ts  
perfo rm ed  by L . K atz and W. L ink  (M cN eill ,  1957) confirm ed  
t h a t  th e  peak  c r o s s  s e c t i o n  f o r  th e  p ro d u c t io n  o f  a  s h o r t  
l i v e d  n e g a t ro n  a c t i v i t y  by th e  i r r a d i a t i o n  o f  manganese 
w ith  b re m ss tra h lu n g  was < 10“^® cm^ w hereas  th e  Mh^^(Y,n)Mn^^ 
(ground s t a t e )  peak c r o s s  s e c t i o n  i s  10*25
The q u e s t io n  t h e r e f o r e  a r i s e s  w h e th e r  i t  i s  l i k e l y  t h a t  
Mû54* be p roduced  by th e  F e ^ ^ (n ,p )M n ^ *  r e a c t i o n
(C a ld w e ll ,  1955) and y e t  n o t  be formed by a p h o to n e u tro n  
r e a c t i o n .  To c o n s id e r  t h i s ,  l e t  i t  f i r s t  be assum ed, f o r  
th e  sake o f  a rgum en t, t h a t  th e  o r i g i n a l  C a ld w e ll  and S to d d a r t  
r e s u l t  i s  c o r r e c t — i . e .  t h a t  t h e r e  i s  an  is o m e r ic  s t a t e  of 
2 m inute h a l f - l i f e  w hich decays  by th e  e m is s io n  of a  n e g a t ro n  
of peak en e rg y  2 MeV. As th e  Mn^^ ground s t a t e  l i e s  0 .5 4  MeV 
above t h a t  o f  Fe®^ (N u c lea r  l e v e l  schem es, 1 9 5 5 ) ,  th e  iso m e r ic  
s t a t e  m ust th e n  be 1 .4 6  MeV above th e  Mh^^ ground s t a t e .
The absence  of Y -rays i n  the decay  im p l ie s  t h a t  th e  s p in  
change in v o lv e d  must be a t  l e a s t  A I = 4 and a s  t h e  s p in  of
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th e  ground s t a t e  i s  p ro b a b ly  3 (N u c lea r  l e v e l  schem es, 1955) 
th e  s p i n  o f  the  is o m e r ic  s t a t e  would have t o  be a t  l e a s t  7 .  
As shown i n  s e c t i o n  3 .1 ,  s h e l l  model c o n s id e r a t i o n s  su g g e s t  
t h a t  t h i s  o r  l a r g e r  v a lu e s  a r e  q u i t e  p r o b a b le .
C a lc u la t i o n s  of th e  p ro b a b le  o r b i t a l  a n g u la r  momentum 
v a lu e s  f o r  14 MeV n e u t ro n s  i n t e r a c t i n g  w i th  n u c l e i  (K a tz ,
1952) y i e l d  an  av e rag e  v a lu e  o f  i ^ v .  ~  ^ .5  b u t c o n s id e r a b le  
p r o b a b i l i t y  f o r  À v a lu e s  up t o  6 .  Thus th e  s p i n  o f  th e  Fe^® 
compound n u c le u s  i n  th e  r e a c t i o n  Fe54(n,p)M n54* co u ld  e a s i l y  
be th e  sum o f  th e  Fe^^ ground s t a t e  s p i n ,  0 , p lu s  6 f o r  th e  
i  v a lu e  of th e  n e u t ro n ,  p lu s  & f o r  th e  s p in  o f  the  n e u t r o n ,  
t h a t  i s  —  and t h e r e f o r e  e x c i t e d  s t a t e s  o f  M h ^ ,  p roduced  
by su b se q u en t em iss io n  o f  a p ro to n ,  m ight be e x p e c te d  t o  
have s p in s  o f  7 o r  even  h ig h e r .
The p o s s i b i l i t y  of p ro d u c in g  su ch  a  s t a t e  by a p h o to ­
n e u t ro n  r e a c t i o n  must n ex t  be c o n s id e r e d .  On th e  b a s i s  o f  
th e  W ilk in so n  model th e  s t r o n g e s t  n e u t ro n  t r a n s i t i o n  
a s s o c i a t e d  w i th  th e  MhG5(y^n) r e a c t i o n  i s  e x p e c te d  t o  be 
from th e  c lo s e d  f^ y g  s h e l l  t o  th e  ggy% s t a t e  and i f  a  
n e u t ro n  were so  e x c i t e d ,  and th e n  e m i t t e d  by th e  re so n an ce  
d i r e c t  p ro c e s s  t h e r e  would rem ain  a n  odd f^ y g  n e u t ro n  and 
an  odd fyyg  p ro to n  which c o u ld  coup le  t o  g iv e  a  s p in  7 
in te rm e d ia te  s t a t e  o f  Mh^^. Thus h ig h  s p in  e x c i t e d  s t a t e s  
o f  Mn54 co u ld  e a s i l y  be form ed by e i t h e r  th e  (n ,p )  o r  th e  
(y ,n )  r e a c t i o n .
F u r t h e r  d i f f i c u l t i e s  a r i s e ,  how ever, when th e  decay  of
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th e  s t a t e  i s  c o n s id e r e d .  A 2 -m inu te  h a l f - l i f e  f o r  a /Ô-d eca y  
o f  2 MeV en e rg y  im p l ie s  an  a l lo w ed  t r a n s i t i o n  so th e  decay  
canno t ta k e  p la c e  from  a h ig h  s p in  s t a t e  t o  th e  s p in  0 ground 
s t a t e  o f  Fe54 , so  th e  decay  must ta k e  p la c e  t o  a h ig h e r  
s p in  e x c i t e d  s t a t e  o f  Fe^^ and th e  iso m e r ic  s t a t e  must be a 
c o r re sp o n d in g  amount more th a n  1 ,4 6  MeV above th e  ground 
s t a t e  o f  M n ^ .  The lo w es t known e x c i t e d  s t a t e  o f  F e ^  i s  
of s p in  2 and a t  1 .4 1  MeV and s u g g e s t in g  t h a t  Mn^d* l i e s  
more th a n  (1 .4 6  + 1 .4 1 )  MeV above th e  Mh®  ^ ground s t a t e  
r e q u i r e s  an even h ig h e r  s p in  t o  i n h i b i t  i t s  decay  by v - ra y  
e m is s io n  w ith  c o r re sp o n d in g  d i f f i c u l t i e s  o f  fo rm a t io n  o f  
th e  s t a t e  by e i t h e r  the  (v ,n )  o r  th e  ( n ,p )  r e a c t i o n .  
A l t e r n a t i v e l y  th e  a s su m p tio n  t h a t  th e  /3-decay en e rg y  i s  
l e s s  th a n  2 MeV e l im i n a t e s  th e  s p in  change d i f f i c u l t i e s  by 
p e r m i t t i n g  th e  a ss ig n m en t o f  s p in  0 and a n  e n e rg y  of 
e x c i t a t i o n  l e s s  th a n  0 .1  MeV to  th e  is o m e r ic  s t a t e .  With 
t h i s  sm a ll  en e rg y  and a  s p in  change of 3 ,  V -ray  e m is s io n  t o  
th e  ground s t a t e  m ight be s u f f i c i e n t l y  i n h i b i t e d  t o  g iv e  th e  
o b se rv ed  2 m inute h a l f - l i f e .  Such a  l e v e l  s h o u ld ,  however, 
be e q u a l l y  a t t a i n a b l e  by th e  F e ^ ^ (n ,p )  and Mh^^(Y,n) 
r e a c t i o n s ,  and fu r th e rm o re  i t  would be e x p e c te d  t o  decay  in  
p a r t  by p o s i t r o n  e m is s io n  t o  th e  0+ ground s t a t e  o f  Or®^.
Assuming a >ô-decay ene rgy  l a r g e r  t h a n  2 MeV o n ly
a c c e n tu a te s  th e  d i f f i c u l t i e s  d e t a i l e d  a b o v e .
To sum m arize, i f  t h e  >6- d e cay  e n e rg y  i s  h ig h  i t  i s  
d i f f i c u l t  t o  i n t e r p r e t  th e  decay  o f  t h e  s t a t e  and i n  any
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e v e n t  I t s  p ro d u c t io n  by th e  (y ,n )  r e a c t i o n  sh o u ld  be p o s s ib le  
i f  i t  can be produced  by F 6 ^ ^ ( n ,p ) .  I f  th e  ^6-decay en e rg y  
were v e ry  much low er th a n  r e p o r te d  t h e  decay  would be much 
more e a s i l y  e x p l i c a b le  b u t a  p o s i t r o n  b ran ch  would be 
e x p e c te d .  The e x p e r im e n ts  show t h a t  p h o to p ro d u c t io n  of 
such  an a c t i v i t y  i s  a t  most v e ry  weak and t h a t  t h e r e  i s  no 
e v id en ce  f o r  th e  p r o d u c t io n  of e i t h e r  a  n e g a t r o n  o r  p o s i t r o n  
a c t i v i t y ,  a s s o c i a t e d  w ith  Mh^^, by f a s t  n e u t ro n  bombardment 
o f  n a t u r a l  i r o n .
S in ce  the  o r i g i n a l  r e p o r t  o f  t h e  is o m e r ic  s t a t e  two 
o th e r  i s o to p e s  i n  t h i s  r e g io n  of th e  p e r i o d i c  t a b l e ,
( S c h a r d t ,  1956) and (Cohen, 1954) have been found  to
have n e g a tro n  decays of  2 .5  and 2 .6  MeY e n e rg y  and 2 .0  and 
1 .7  m in u te s  h a l f - l i v e s  r e s p e c t i v e l y .
I n  v iew  o f  th e  th e s e  f a c t s  th e  e x i s t e n c e  o f  th e  iso m e r ic  
s t a t e  o f  Mn^4 sh o u ld  no t be a c c e p te d  w i th o u t  r e s e r v a t i o n s .
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CHAPTER IV THE DECAY SCHEME OF AND Mp91*
S e c t io n  4 .1  The N ucleus Mo^^ (Z =  4 2 , N = 4 9 )
A f u r t h e r  s e a r c h  f o r  iso m e r ic  s t a t e s  w hich co u ld  be 
pho top roduced  and had no t been f u l l y  i n v e s t i g a t e d  le d  t o  an 
e x a m in a t io n  of known iso m ers  w i th  odd n e u t ro n  o r  p ro to n  
numbers between 40 and 50.
I n  t h i s  r e g io n  o f  th e  p e r io d ic  t a b l e  th e  g g /g  s h e l l  
i s  b e in g  f i l l e d  and th e  ind ep en d en t p a r t i c l e  model p r e d i c t s  
t h a t  t h e r e  w i l l  be a number of i s o t o p e s  i n  which a g g /g  
s t a t e  and p^yg s t a t e  w i l l  be a d ja c e n t  th e  u p p e r  of th e s e  
s t a t e s  i s  th e n  e x p e c te d  t o  be m e ta s ta b le  and t o  decay  by 
l e p to n  o r  Y-ray e m is s io n  o r  a  com bina tion  of b o th .  I n  
th e s e  i s o to p e s  i t  i s  p o s s i b l e  f o r  e i t h e r  th e  ggyg o r  th e  
P l / 2  l e v e l  t o  form  th e  ground s t a t e .  The fo rm er  s i t u a t i o n  
a r i s e s  when th e  odd n u c le o n  f i l l s  a  v acan c y  i n  th e  ggyg 
s h e l l ;  bu t P^yg ground s t a t e s  o cc u r  i n  n u c l e i  i n  which th e  
p a i r i n g  en e rg y  p red o m in a te s  and th e  a d d i t i o n  o f  th e  l a s t  
n u c leo n  le a d s  t o  an  e x t r a  p a i r  i n  t h e  ggyg l e v e l  l e a v in g  an  
u n p a i re d  n u c leo n  i n  th e  P^yg s t a t e . S e v e r a l  i s o to p e s  of 
each  ty p e  had been found t o  have is o m e r ic  s t a t e s ,  among 
them Mo^^.
A number o f  ex p e r im e n ts  had e s t a b l i s h e d  th e  e x i s t e n c e  
of two decay  modes w ith  h a l f - l i v e s  ab o u t  67 seconds and
1 5 .3  m in u te s  r e s p e c t iv e ly ,  which co u ld  be a t t r i b u t e d  t o  Mo^l 
(N u c lea r  l e v e l  schem es, 1955, c o n ta in s  r e f e r e n c e s  t o  e a r l y
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p a p e rs  on Mo^l). D isag reem en t had a r i s e n ,  how ever, a s  t o  
which o f  th e  h a l f - l i v e s  sh o u ld  be a t t r i b u t e d  t o  t h e  ground 
s t a t e  and w hich  t o  t h e  is o m e r ic  s t a t e .
I n  th e  ex p e r im en ts  o f  K atz  e t  a l .  (1953) th e  two 
isom ers  were p roduced  by th e  r e a c t i o n  Mo92(Y,n) and a s s i g n ­
m ents o f  th e  67 second decay  t o  th e  ground s t a t e  and th e  15 
m inute  h a l f - l i f e  t o  th e  iso m e r ic  s t a t e  were made on th e  
b a s i s  o f  m easurem ents which showed th e  t h r e s h o l d  f o r  th e  
p r o d u c t io n  of th e  l a t t e r  a c t i v i t y  to  be h ig h e r  th a n  th e  
t h r e s h o l d  f o r  the  fo rm e r .  With t h i s  a s s ig n m e n t and assum ing 
t h a t  no iso m e r ic  t r a n s i t i o n  from  t h e  u p p e r  s t a t e  t o  th e  
ground s t a t e  o c c u rre d  i n  t h e  decay  th e  r e l a t i v e  (v ,n )  y i e l d s  
t o  th e  two s t a t e s  were c a l c u l a t e d  from t h e  m easured  
s t r e n g t h s  o f  th e  two a c t i v i t i e s .  F in d in g  th e  1 5 .5  m inu te  
s t a t e  more abundan t th a n  th e  67 second one th e y  conc luded  
th e  fo rm e r  was th e  P ^ /g  l e v e l  and th e  l a t t e r  t h e  ggyg l e v e l  
on th e  b a s i s  o f  th e  p ro b a b le  s p in  changes i n  t h e  p h o to n u c le a r  
r e a c t i o n .
Subsequen t e x p e r im e n ts  d i s c l o s e d ,  how ever, a  s t r o n g  
0 .6 5  MeV Y -ray  in  th e  67 second d ec ay , o f  i n t e n s i t y  2 .3  
t im es  a s  g r e a t  a s  th e  p o s i t r o n  e m is s io n  o f  th e  same h a l f -  
l i f e  (A xe l, 1 955 ) . As th e  e l e c t r o n  c a p tu re  com peting  w ith  
th e  p o s i t r o n  e m is s io n  was e s t im a te d  t o  be v e ry  s m a l l  th e
0 .6 5  MeV t r a n s i t i o n  had th u s  t o  be a s s ig n e d  t o  a  t r a n s i t i o n  
i n  Mo91 betw een th e  iso m e r ic  and ground s t a t e s .  I t  was 
f u r t h e r  shown t h a t  e x i s t i n g  d i s c r e p a n c ie s  betw een th e  (n ,2 n )
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and (V,n) t h r e s h o l d s  f o r  th e  p r o d u c t io n  o f  Mo^^ cou ld  be 
r e s o lv e d ,  and th e  m easured  a c t i v a t i o n  r a t i o  f o r  th e  two 
l e v e l s ,  n e a r  th e  (V,n) t h r e s h o l d ,  co u ld  be e x p la in e d  by a  
67 seco n d , 0 .6 5  MeV, p^y^ iso m e r ic  s t a t e  and a  15 m in u te ,  
ggyg ground s t a t e  o f  Mo^l (A x e l, 1 9 5 5 ) .
F u r th e r  u n c e r t a i n t y  e x i s t e d  in  t h e  measurement o f  th e  
p o s i t r o n  end p o in t  e n e rg ie s  w hich  had b een  v a r i o u s l y  
r e p o r te d  a s  2 .6  MeV ( D u f f i e ld ,  1949) and 3 .0  MeV (K a tz ,
1953) f o r  th e  67 second a c t i v i t y  and 3 .7  MeV ( D u f f ie I d ,
1 9 4 9 ) , 2 .7  MeV (Sagane , 1940) and 3 .3 2  MeV (K a tz ,  1953) f o r  
th e  1 5 .5  m inute h a l f - l i f e .  F i n a l l y ,  K atz  e t  a l .  (1953) had 
r e - a n a ly s e d  th e  e x p e r im e n ta l  r e s u l t s  o f  D u f f i e ld  and K n igh t 
(1949) and o b ta in e d  th e  v a lu e  3 .2  MeV i n s t e a d  o f  3 .7  MeV* 
M oreover, v - ra y s  of 1 .2  and 1 .5  MeV and s e v e r a l  o th e r  
p o s s i b l e  t r a n s i t i o n s  between 1 .8  and 2 .9  MeV from  th e  67 
second a c t i v i t y ,  had been  r e p o r t e d  by A xel (1955) bu t had 
n o t  been a s s ig n e d  p la c e s  i n  th e  decay  scheme.
I t ,  t h e r e f o r e ,  seemed v e r y  w o rth w h ile  t o  c l a r i f y  th e  
decay  schemes of th e s e  isom ers  and th e  fo l lo w in g  ex p e r im en ts  
were perfo rm ed  f o r  t h a t  p u rp o se .
S e c t io n  4 .2  E x p e r im e n ta l  Methods and R e s u l t s
Mo^^ was produced  by the r e a c t i o n  Mo^2(y ,n)Mo^^ by th e
i r r a d i a t i o n  of n a t u r a l  molybdenum in  the  Z - r a y  beam of a 
23 MeV s y n c h ro t ro n .
F o r  exam ining th e  -  and v - s p e c t r a  o f  the Mo^l, p l a s t i c
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S e m i - l o e a r i t h m i c  p l o t  o f  th e  # - r a y  sp ec tru m  o f  Mo^l
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and E - in .  t h i c k  Nal s c i n t i l l a t o r s  were u sed  i n  c o n ju n c t io n  
w i th  DuMont 6E9E p h o t o m u l t i p l i e r s ,  c o n v e n t io n a l  c i r c u i t s ,  
and a 1 0 0 -ch an n e l p u l s e - h e ig h t  a n a l y s e r .
I n  th e  Y-Y and y-/3*  ^ c o in c id e n c e  w ork , th e r e  w as, i n  
a d d i t i o n  t o  t h e  above a p p a r a tu s ,  a  E - in .  t h i c k  Nal c r y s t a l  
s p e c t ro m e te r  used  w i th  a s in g l e - c h a n n e l  p u l s e - h e ig h t  a n a l y s e r .  
The o u tp u t  from  t h i s  a n a ly s e r  co u ld  o p e ra te  a  g a te  i n  th e  
in p u t  o f  t h e  1 0 0 -ch an n e l  p u l s e - h e ig h t  a n a l y s e r .  By u s in g  t h i s  
e q u ip m e n t, th e  /ô- and Y -s p e c t ra  i n  c o in c id e n c e  w ith  p u l s e s  
from  th e  t o t a l  en e rg y  peak ("p h o to p eak ")  from  a p a r t i c u l a r  
y - r a y  cou ld  be d e te rm in e d .  C o r r e c t io n s  were made, i f  n e c e s s a r y ,  
f o r  th e  f a c t  t h a t  Compton r e c o i l s  due t o  h ig h e r  e n e rg y  Y-rays 
co u ld  o p e ra te  t h e  g a t e  a s  w e l l  a s  t o t a l  a b s o r p t io n  p u l s e s  
from  th e  d e s i r e d  y - r a y .  I n  a d d i t i o n ,  c o r r e c t i o n s  were made 
f o r  th e  e f f e c t s  o f  lo n g e r  l i v e d  a c t i v i t i e s  in d u ced  i n  th e  
o th e r  molybdenum i s o t o p e s .
A t y p i c a l  Y-ray spec trum  o f  Mo^l and  Mo^^* o b ta in e d  i n  
t h i s  work i s  shown i n  f i g .  4 . 1 .  The sp ec tru m  shows th e  
p re s e n c e  o f  l i n e s  a t  0 .5 1 ,  0 .6 5  -  0 .0 2 ,  1 .2 0  ± 0 .0 2 ,  and
1 .5 0  ± 0 .0 2  MeV. The 0 .5 1  MeV Y -rays were i d e n t i f i e d  a s  
p o s i t r o n  a n n i h i l a t i o n  q u a n ta .  I n  some o f  t h e  ru n s  weak 
peaks  were a l s o  p r e s e n t  a t  1 .7  MeV and 2 .0  MeV, b u t  th e s e  
were th o u g h t  t o  be due to  th e  a d d i t i o n  o f  0 .5 1  w ith  1 .2 0  
MeV Y -rays and 0 .5 1  w i th  1 .5 0  MeV Y -ray s .  T h is  was co n firm ed  
by m easurem ents ta k e n  w ith  th e  so u rc e  a t  v a ry in g  d i s t a n c e s  
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o th e r  th a n  th e  f o u r  f i r s t  g iv e n  above .
By u s in g  th e  v - s p e o t r a  o b ta in e d  i n  a  number o f  r u n s ,  
and knowing th e  r e l a t i v e  e f f i c i e n c y  o f  th e  c r y s t a l  f o r  th e  
d i f f e r e n t  V -ray  e n e r g i e s ,  th e  r e l a t i v e  s t r e n g t h s  o f  th e  
0 .6 5 ,  1 .2 0  and 1 .5 0  MeV l i n e s  were com puted. I t  was found 
t h a t  th e  i n t e n s i t i e s  o f  th e  r a y s  were i n  th e  r a t i o s  
0 .6 5  MeV: 1 .2 0  MeV: 1 .5 0  MeV = 1 0 0 :3 9 :3 9 .
I t  w i l l  be se e n  t h a t  t h e  two h ig h e r  en e rg y  l i n e s  a r e  o f  
a p p ro x im a te ly  e q u a l  i n t e n s i t y .
By u s in g  th e  s i n g l e - c h a n n e l  p u l s e - h e ig h t  a n a l y s e r ,  s e t  
t o  a c c e p t  p u ls e s  from  th e  p h o to p eak s  o f  t h e  t h r e e  l i n e s ,  
m easurem ents were made o f  th e  h a l f - l i v e s  o f th e  t h r e e  y - r a y s . 
A l l  t h r e e  had th e  same h a l f - l i f e  t o  w i th in  th e  e x p e r im e n ta l  
a c c u ra c y ,  th e  a v e ra g e  v a lu e  b e in g  64 ± 1 se c o n d s .
With th e  s in g le - c h a n n e l  p u l s e - h e ig h t  a n a ly s e r  s e t  on th e  
ph o to p eak s  of  th e  0 .5 1 ,  1 .2 0  and 1 .5 0  MeV l i n e s ,  r e s p e c t i v e l y ,  
d e te r m in a t io n s  were made of th e  s p e c t r a  o f  Y -rays i n  
c o in c id e n c e  w i th  th e s e  t h r e e  l i n e s .  These y- y c o in c id e n c e  
r e s u l t s  a r e  p r e s e n te d  g r a p h i c a l l y  i n  f i g s .  4 .2  ( a ) ,  ( b ) ,
( c ) ,  and a re  summarized below . The range  o f  e n e rg y  
i n v e s t i g a t e d  in  each  case  i s  g iv e n  i n  p a r e n t h e s e s .
( a )  I n  c o in c id e n c e  w ith  0 .5 1  MeV Y - r a y s  (0 .2  < 1 .8  MeV) 
—0 .5 1  MeV, 1 .2 0  a n d  1 .5 0  MeV V - r a y s .
(b) W ith 1 .2 0  and 1 .5  MeV V -rays ( 0 .3  <E < 2 .0  MeV)— 0 .5 1  
MeV Y -ray s .
(c )  W ith 1 .2 0  MeV Y - r a y s  ( O . l ^ E '^ O . ?  MeV)— 0 .5 1  MeV 
y - r a y s .
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Thus w h ile  th e  1 .2 0  and 1 .5 0  MeY l i n e s  a r e  a s s o c i a t e d  
w i th  a p o s i t r o n  decay  o f  th e  iso m e r ic  s t a t e ,  th e  0 .6 5  MeY 
l i n e  i s  n o t .  M oreover, th e  1 .2  MeY and 1 .5  MeY v -ra y s  a r e  
n o t i n  c o in c id e n c e ,  even  though  t h i s  i s  su g g e s te d  by t h e i r  
h av in g  e q u a l  i n t e n s i t i e s .  A s p e c i a l  s e a r c h  was made f o r  a  
0 .5  MeY Y-ray which m ight be e x p e c te d  t o  be i n  c o in c id e n c e  
w i th  t h e  1 .2 0  MeY l i n e  ( 1 .5  MeY minus 1 .2  MeY) b u t  no such  
l i n e  was found ( f i g .  4 . 2 ( c ) ) .  The l a r g e  number o f  coun ts  
betw een 0 .1  and 0 .3  MeY i s  due to  s c a t t e r i n g  of  th e  0 .5  MeY 
a n n i h i l a t i o n  q u a n ta ,  and  i s  r e l a t i v e l y  h ig h  b ecau se  of th e  
t h i c k n e s s  o f  th e  sou rce  b e in g  u s e d .  T h is  e x p l a n a t io n  was 
co n firm ed  by u s in g  a t h i c k  Cu^^ p o s i t r o n  so u rc e  f o r  
co m p ariso n .
A 0 .0 1 - i n c h - t h i c k  molybdenum s h e e t  was i r r a d i a t e d  i n  
th e  X -ray  beam f o r  30 m in u te s ,  and th e n  p la c e d  b e fo re  a  1 -  
i n c h - t h i c k  p l a s t i c  s c i n t i l l a t o r ,  th e  sp e c tru m  from  which 
was d i s p la y e d  on a  1 0 0 -ch an n e l p u l s e - h e i g h t  a n a l y s e r .  A f t e r  
a l lo w in g  tim e f o r  th e  i s o m e r i c - s t a t e  a c t i v i t y  t o  d ie  away, 
th e  p o s i t r o n  spec trum  o f  t h e  15-m inu te  a c t i v i t y  was d e te rm in e d .  
The av e rag e  of s e v e r a l  ru n s  gave an  e n d - p o in t  en e rg y  of
3 .3  ± 0 .2  MeY, i n  agreem ent w i th  p re v io u s  m easurem ents o f  
t h i s  en e rg y  by K atz  (1 9 5 3 ) .
The o bse rved  c o in c id e n c e s  be tw een  0 .5 1  MeY q u an ta  and
1 .2  and 1 .5  MeY v -ra y s  showed t h a t  th e  V-rays fo l lo w e d  
p o s i t r o n  e m is s io n  and th e  complex ^ - d e c a y  o f  th e  64 second 
s t a t e  was t h e r e f o r e  i n v e s t i g a t e d .  Im m ed ia te ly  a f t e r  a 2
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m inute i r r a d i a t i o n  in  th e  X -ray  beam, a  0 .01*  t h i c k  s h e e t  
o f  molybdenum was p la c e d  betw een a  p l a s t i c  s c i n t i l l a t o r  and 
a  2* t h i c k  Nal c r y s t a l .  As d e s c r ib e d  i n  a  p r e v io u s  p a r a ­
g ra p h ,  th e  o u tp u t  from  the  p l a s t i c  s c i n t i l l a t o r  went t o  th e  
1 0 0 -o h an n e l p u l s e - h e ig h t  a n a l y s e r ,  w h ile  p u l s e s  from  th e  
Nal c r y s t a l  s p e c t ro m e te r  w ere f e d  to  a s in g l e - c h a n n e l  p u l s e -  
h e ig h t  a n a l y s e r ,  which i n  t u r n  o p e ra te d  th e  c o in c id e n c e  g a te  
o f  t h e  1 0 0 -ch an n e l p u l s e - h e ig h t  a n a ly s e r  c i r c u i t .  By a 
s u i t a b l e  s e t t i n g  of th e  s in g l e - c h a n n e l  a n a l y s e r ,  th e  sp e c tru m  
of p o s i t r o n s  i n  c o in c id e n c e  w ith  e i t h e r  1 .5  o r  1 .2  MeV v -ra y s  
co u ld  th u s  be o b ta in e d .
The a t t a i n a b l e  c o u n t in g  r a t e s  were sm a ll  and th e  r e s u l t s  
o f  f o u r t e e n  i r r a d i a t i o n s  were combined f o r  e a ch  o f  th e  
s p e c t r a .  The sm a l l  numbers o f  c o u n ts  made an  a b s o lu te  
measurement of  t h e  end p o i n t s  of th e  / ( ^ - s p e c t ra  u n r e l i a b l e  
b u t a  com parison  o f  th e  c u rv e s  o b ta in e d  i n  c o in c id e n c e  w ith  
t h e  1 .2 0  MeV and 1 .5 0  MeV l i n e s ,  r e s p e c t i v e l y ,  showed t h a t  
th e  fo rm er  had an end p o in t  e n e rg y  0 .2  ±  0 .1  MeV h ig h e r  th a n  
th e  l a t t e r .  I t  i s  t h e r e f o r e  conc luded  t h a t  t h e  /d^-decay 
p ro c e e d s  v i a  two e x c i t e d  s t a t e s  o f  Nb^^ one o f  w hich 
d e - e x c i t e s  by means of  a  1 .2 0  MeV Y -ray  and th e  o th e r  by a
1 .5 0  MeV v - ra y .
A l l  so u rc e s  w hich decay  by p o s i t r o n  em iss io n  can a l s o
decay  by o r b i t a l  e l e c t r o n  c a p tu re  and  t h e  two p ro c e s s e s  
com pete . The r e l a t i v e  numbers of th e  two ty p e s  of decay  t o  
ea ch  o f  th e  e x c i t e d  l e v e l s  of Nb^l were c a l c u l a t e d  from  th e
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t h e o r e t i c a l  r e s u l t s  of  Feenberg  and T r ig g  (1 9 5 0 ) ,  and th e
v a lu e s  o b ta in e d  a r e  shown i n  th e  t a b l e  o f  f i g .  4 .4 .
The p o s s i b i l i t y  o f  a t h i r d  b ran ch  i n  t h e  p o s i t r o n
decay  must be i n v e s t i g a t e d  f o r  th e  fo l lo w in g  r e a s o n s .  There
i s  an iso m e r ic  s t a t e  of Nb^^ a t  an  en e rg y  0 .1 0 5  MeV above
th e  ground s t a t e  an d  th e s e  two l e v e l s  were a s s ig n e d  s p in s
and p a r i t i e s  i -  and â+  r e s p e c t i v e l y  (N u c lea r  l e v e l  schem es,
2 2
1 9 5 5 ) .  E i t h e r  of th e  p ro b a b le  s h e l l  model a s s ig n m e n ts  f o r  
th e  64 second s t a t e ,  Pjl/ 2 ^9/2» p e rm it  a l lo w ed
t r a n s i t i o n s  t o  th e  c o r re sp o n d in g  s t a t e  o f  Nb^^: such  
t r a n s i t i o n s  would be ex p e c te d  t o  compete w i th  th e  decays t o  
th e  h ig h e r  e x c i t e d  s t a t e s .  The p o s i t r o n  e n e rg y  of th e  decay  
would be ( 5 .5  + 0 .6 5 )  MeV o r  ( 3 .3  + 0 .6 5  -  0 .1 0 5 )  MeV (se e  
f i g .  4 . 4 ) .  The u n g a ted  yô’^ - sp e o tra  from  thin molybdenum 
s h e e t s  were t h e r e f o r e  o b se rv e d ,  fo l lo w in g  2 m inu te  i r r a d i a ­
t i o n s  i n  th e  b re m ss tra h lu n g  beam. The f i f t e e n  m inu te  
a c t i v i t y  was a l s o  p r e s e n t ;  t o  red u ce  i t s  e f f e c t  th e  spec trum  
o b ta in e d  between 4 and 6 m in u te s  a f t e r  th e  so u rc e  was p la c e d  
on th e  c o u n te r  was s u b t r a c t e d  from  t h a t  o b ta in e d  i n  th e  
f i r s t  two m in u te s .  The r e s u l t s  o f  f o u r  i r r a d i a t i o n s  were 
ad d ed . The combined sp ec tru m  showed ev id en ce  of  a  h ig h  
e n e rg y  p o s i t r o n  b ran ch  w i th  e n d -p o in t  e n e rg y  3 .9  ± 0 .2  MeV 
e n e rg y .  The l a r g e  e r r o r s  were due t o  th e  t h i c k n e s s  o f  th e
so u rce  w hich  co u ld  not be red u ced  because  th e  a c t i v i t y
a t t a i n a b l e  was e x t re m e ly  weak. These d i f f i c u l t i e s  a l s o  
p re v e n te d  an  a c c u r a te  measurement b e in g  made o f  th e  r e l a t i v e
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i n t e n s i t y  o f  th e  h ig h  en e rg y  b ra n c h .  I t  was e s t im a te d  t o  
be l e s s  th a n  15^ of th e  t o t a l  p o s i t r o n  decay  o f  th e  64 
second  l e v e l .
An a l t e r n a t i v e  method f o r  f i n d i n g  th e  s t r e n g t h  o f  t h i s  
t r a n s i t i o n  i s  t o  m easure th e  i n t e n s i t y  o f  th e  0 .5 1  MeV 
r a d i a t i o n  a s s o c i a t e d  w ith  th e  64 second decay  r e l a t i v e  t o  
th e  1 .2  and 1 .5  MeV v - r a y s .  E ach  p o s i t r o n  d ecay  g iv e s  two 
0 .5 1  MeV q u a n ta  so one h a l f  o f  th e  number m easured  i s  e q u a l  
t o  th e  t o t a l  number o f  p o s i t r o n s ,  t h a t  i s  /6-^  + ( T h e  
b ran ch es  a r e  numbered i n  o r d e r  o f  i n c r e a s i n g  e n e rg y ,  see  f i g .  
4 . 4 ) .  The 1 .5  and 1 .2  MeV Y -rays f o l lo w  e i t h e r  a  p o s i t r o n  
decay  o r  an  e l e c t r o n  c a p tu re  e v e n t  and th u s  Vg =
+ ^2* T h e  g e o m e t r i c a l  e f f e c t s  o n  t h e  c o u n t i n g  r a t e s  w e r e  
t h e  s a m e  f o r  t h e  Y - r a y s  a n d  t h e  a n n i h i l a t i o n  r a d i a t i o n  b e c a u s e  
w i t h  t h e  t h i c k  s o u r c e s  u s e d  i n  t h i s  p a r t  o f  t h e  e x p e r i m e n t  
v i r t u a l l y  a l l  t h e  p o s i t r o n s  s t o p p e d  i n  t h e  s o u r c e  o r  i n  t h e  
a l u m i n i u m  a b s o r b e r  b e t w e e n  i t  a n d  t h e  s c i n t i l l a t o r .
Measurement o f  the  r a t i o  o f  th e  i n t e n s i t y  o f  th e  0 .5 1  
MeV l i n e  a s s o c i a t e d  w i th  th e  64 second  a c t i v i t y  t o  th e  
i n t e n s i t y  + Y£ was c o m p lic a te d  by th e  n e c e s s i t y  of  
s u b t r a c t i n g  th e  c o n t r i b u t i o n  o f  th e  15 m inute  a n n i h i l a t i o n  
r a d i a t i o n  from  th e  ob se rv ed  sp e c tru m . The lo n g e r  l i v e d  
a c t i v i t y  a r i s e s  b o th  from  d i r e c t  p r o d u c t io n  d u r in g  th e
i r r a d i a t i o n  and from  th e  Y-decays o f  th e  64 second  s t a t e .
Axel e t  a l .  (1955) e s t im a te d  from  t h e i r  own p r e l im in a r y  
e x p e r im e n ts  and from  a r e - a n a l y s i s ,  u s in g  th e  c o r r e c t  decay
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scheme, o f  th e  m easurem ents o f  K atz  a t  a l .  (1953) t h a t  f o r  
b re m ss tra h lu n g  e n e rg ie s  w e l l  above th r e s h o l d  a p p ro x im a te ly  
one h a l f  o f  th e  15 m inute a c t i v i t y  r e s u l t e d  from  th e  decay  
of th e  iso m e r ic  s t a t e  and h a l f  was p roduced  d i r e c t l y .  U sing  
t h i s  r a t i o  and assum ing a sm a ll  v a lu e  f o r  th e  r e l a t i v e  
c o n t r i b u t i o n s  o f  s h o r t  and lo n g  l i v e d  decays  t o  th e  0 .5 1  MeV 
peak were c a l c u l a t e d .  The r a t i o  o f  e m is s io n  from  th e  64 
second s t a t e  to  th e  combined i n t e n s i t y  was found  t o
be 1 .0 .  The t r a n s i t i o n  /ôg i s  t h e r e f o r e  e q u a l  i n  i n t e n s i t y  
t o  t h e  sum of t h e  e l e c t r o n  c a p tu r e  t r a n s i t i o n s  to  th e  h ig h e r  
e x c i t e d  s t a t e s ,  i . e .  ^  6%, w hich j u s t i f i e s  th e  assu m p tio n  
made a b o v e .
F i n a l l y ,  th e  64 second s t a t e  can  a l s o  d ecay  t o  th e  Mo^T
ground s t a t e  by t h e  e m is s io n  o f  c o n v e r s io n  e l e c t r o n s .  T ak ing
ac co u n t o f  th e  c o n t r i b u t i o n s  from  b o th  th e  K and L s h e l l s
th e  r a t i o  o f  c o n v e rs io n  e l e c t r o n s  t o  y - ra y s  was e s t im a te d
from  th e  t a b u l a t e d  t h e o r e t i c a l  v a lu e s  g iv e n  i n  S iegbahn
(1 9 5 5 ) .  The v a lu e  th u s  o b ta in e d  was e /y  =  0 .0 3 6 .  I t  i s  o f
i n t e r e s t  to  see  how t h i s  v a lu e  compares w i th  e x p e r im e n ta l
r e s u l t s  f o r  o th e r  M4 t r a n s i t i o n s  betw een i -  and 2 +  s t a t e s
E 2
i n  th e  same r e g io n  of th e  p e r i o d i c  t a b l e .  V a lu e s  o f  e /y  f o r  
n in e  o d d -n e u tro n  and th r e e  o d d -p ro to n  M4 iso m e r ic  t r a n s i t i o n s ,  
o b ta in e d  from S tro m in g e r  (1958) a r e  p l o t t e d  a g a i n s t  th e
e n e rg y  o f  th e  t r a n s i t i o n ,  E y , i n  f i g .  4 . 3 .  The v a lu e s  o f  
e /y  a r e  p l o t t e d  on a lo g a r i th m ic  s c a l e  j u s t  t o  f a c i l i t a t e  
i n t e r p o l a t i o n .  The p o in t s  l i e  c lo s e  to  a curve w hich g iv e s
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e /y  = 0 .0 5  f o r  Ey = 0 .6 5  MeV. There i s  th u s  c lo s e  agreem ent 
betw een th e  v a lu e  p r e d i c t e d  t h e o r e t i c a l l y  and t h a t  o b ta in e d  
by com parison  w ith  e x p e r im e n ta l  v a lu e s  f o r  o th e r  s i m i l a r  
t r a n s i t i o n s .  The b e s t  e s t im a te  w i l l  l i e  be tw een  th e  two 
g iv e n  above and e/y =  0 .0 4  has  been used  i n  th e  d ecay  scheme.
The r e l a t i v e  i n t e n s i t i e s  o f  a l l  t h e  r a d i a t i o n s  from  th e  
64 second s t a t e  o f  Mo^^ a r e  shown in  f i g .  4 . 4 .
S e c t io n  4 .5  D is c u s s io n  o f  the  Decay Scheme
The r a d i o a c t i v e  decay  scheme shown in  f i g .  4 .4  has  been 
drawn up on th e  b a s i s  of th e  e x p e r im e n ta l  r e s u l t s  d e s c r ib e d  
above t o g e t h e r  w ith  c e r t a i n  in f o rm a t io n  from  p re v io u s  
ex p e r im e n ts  by o th e r  a u t h o r s .
The ass ignm en t o f  th e  0 .6 5  MeV Y-ray to  a  t r a n s i t i o n  
betw een two s t a t e s  o f  Mo^^, su g g e s te d  on th e  b a s i s  o f  
i n t e n s i t y  m easurem ents (A xe l, 1955) i s  c o n c lu s iv e ly  
e s t a b l i s h e d  by th e  p r e s e n t  ex p e rim en t w hich shows t h a t  i t  
i s  n o t i n  c o in c id e n c e  w i th  p o s i t r o n s  o r  w i th  o th e r  Y -rays .
The 64 second  a c t i v i t y  must th e n  c h a r a c t e r i z e  th e  d ecay  of 
t h e  e x c i t e d  s t a t e  and th e  15 m inute  h a l f - l i f e  be a s s o c i a t e d  
w i th  th e  ground s t a t e  o f  Mo^^. The argum ents  o f  A xel e t  a l*  
co n c e rn in g  th e  s p in s  o f  the s t a t e s  a r e  t h u s  s t r e n g th e n e d  and 
th e  a s s ig n m e n ts  of  Vx/ z  g g /g  t o  th e  u p p er  and low er
s t a t e s ,  r e s p e c t i v e l y ,  a r e  co n f irm e d . R easons f o r  a c c e p t in g  
a  s i m i l a r  o rd e r  f o r  th e  l e v e l s  o f  Nb^l a r e  g iv e n  i n  N u c le a r  
l e v e l  schemes (1 9 5 5 ) .
86
The r e l a t i v e  e n e r g i e s  of  a l l  t h e  s t a t e s  can now be 
e s t a b l i s h e d .  The m easured end p o in t  o f  ( f i g .  4 .4 )  
l o c a t e s  th e  Mo^l ground s t a t e  r e l a t i v e  to  the Nb^l ground 
s t a t e  and  th e  e n e rg y  of th e  iso m e r ic  t r a n s i t i o n  g iv e s  th e  
p o s i t i o n  o f  th e  m e ta s ta b le  s t a t e  o f  Mo^l a s  0 .6 5  MeV above 
th e  ground s t a t e .  The t r a n s i t i o n s  and ydg have a l lo w ed  
f t  v a lu e s  an d  t h e r e f o r e  in v o lv e  a s p in  change o f  1 o r  0 and 
th e  s u c c e e d in g  V -rays most p ro b a b ly  go t o  th e  low  s p in  
member o f  t h e  Nb^^ iso m e r ic  p a i r .  The e n e r g i e s  o f  th e  second  
and t h i r d  e x c i t e d  s t a t e s  of Nb^^ a r e  th e n  f i x e d  a t  0 .1  + 1 .2  
MeV and 0 .1  + 1 ,5  MeV. The p o s s i b i l i t y  of th e  two V -rays 
s t a r t i n g  from  th e  same l e v e l  and d e - e x c i t i n g  t o  two low er 
l e v e l s  i s  ex c lu d ed  by th e  absence  o f  0 .3  MeV y - ra y s  and by 
th e  m easured  d i f f e r e n c e  i n  en e rg y  o f  th e  p o s i t r o n s  i n  
c o in c id e n c e  w ith  them . Knowledge o f  t h e  p o s i t i o n s  o f  th e s e  
l e v e l s  p e rm its  th e  c a l c u l a t i o n  o f  th e  end p o in t  e n e r g i e s  o f  
^1» ^2 as  2 .3 5  MeV, 2 .6 5  MeV and 3 .8 5  MeV, r e s p e c t i v e l y ,
The f i r s t  two of th e s e  v a lu e s  a r e  c o n s i s t e n t  w i th  th e  c o i n c i ­
dence p o s i t r o n  s p e c t r a  o b ta in e d  and th e  e n e rg y  d i f f e r e n c e  o f  
0 .3  MeV between and i s  i n  agreem ent w i th  th e  m easured 
v a lu e  of  0 .2  ± 0 .1  MeV.
The p e r c e n ta g e s  shown e x p re s s  th e  r e l a t i v e  s t r e n g t h s  
o f  th e  p o s s ib le  decay  ch a n n e ls  o f  Mo^^* and from  t h e s e ,  th e
p a r t i a l  h a l f - l i v e s  of a l l  th e  b ran ch e s  a r e  c a l c u l a b l e .
The t r a n s i t i o n  p r o b a b i l i t y  f o r  th e  0 .6 5  MeV V -ray i s  
o f  p a r t i c u l a r  i n t e r e s t  f o r  th e  r e a s o n s  d i s c u s s e d  i n  s e c t i o n
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1 .4 ( 1 1 ) ,  d e a l in g  w i th  iso m e r ic  s t a t e s .  The p a r t i a l  h a l f -  
l i f e  o f  th e  0 .6 5  MeV V -ray , o b ta in e d  from  th e  m easured  h a l f -  
l i f e  of the  s t a t e  and the p e rc e n ta g e  o f  th e  t r a n s i t i o n s  
p ro c e e d in g  by t h i s  b ran ch  i s  123 ± 6 s e c o n d s ,  e q u i v a l e n t  t o  
a mean l i f e  of 178 ±  9 se c o n d s .  W e is s k o p f 's  fo rm u la ,  w i th  
th e  s t a t i s t i c a l  w eight f a c t o r  in c lu d e d  p r e d i c t s  a  mean l i f e  
of 125 se c o n d s .  As th e  fo rm u la  makes th e  v e r y  s im p le s t  
a ssu m p tio n  a b o u t  th e  n u c l e a r  wave f u n c t io n  t h i s  i s  good 
a g ree m e n t .  The o bse rved  v a lu e  b e in g  s l i g h t l y  g r e a t e r  th a n  
th e  t h e o r e t i c a l  e s t im a te  i s  i n  f a c t  a common f e a t u r e  o f  M4 
t r a n s i t i o n s .
The r e a s o n s  f o r  a s s ig n in g  th e  s p in s  and p a r i t i e s  shown
i n  f i g .  4 .4  t o  t h e  l e v e l s  o f  Mo^^ and to  th e  two lo w e s t
en e rg y  s t a t e s  o f  Nb®^ have a l r e a d y  been g iv e n .  The v a lu e s
shown i n  b r a c k e t s  b e s id e  th e  t h i r d  and f o u r t h  s t a t e s  a r e
t e n t a t i v e l y  su g g e s ted  by th e  fo l lo w in g  a rg u m e n ts .  The
p o s i t r o n  decays  t o  the  1 .3  and 1 .6  MeV s t a t e s  o f  Nb^l have
lo g  f t  v a lu e s  of 4 .6  and 4 .3  r e s p e c t i v e l y  and a re  th u s
c e r t a i n l y  a l lo w ed  and th e  s t a t e s  a r e  t h e r e f o r e  th o u g h t  t o
be o f  odd p a r i t y  and  s p in  e i t h e r  i  o r  5 .  The l a t t e r  v a lu e
2 2
can  be s im p ly  e x p la in e d  by th e  s h e l l  m odel. I f  th e  con­
f i g u r a t i o n  of th e  ground s t a t e  i s  th e n  t h e  f i r s t
e x c i t e d  s t a t e  i s  formed by e x c i t i n g  a p^yg p r o to n  t o  th e
gg / 2  l e v e l .  T h is  s t a t e ,  w ith  c o n f ig u r a t i o n  (P i /g ) ^ ( S g y 2 )^> 
w i l l  have a  s p in  o f  1 - :  i t  l i e s  v e ry  c lo s e  t o  th e  ground 
s t a t e  b ecau se  th e  p a i r i n g  e œ r g y  in  th e  g g /g  s t a t e  i s  much
88
h ig h e r  th a n  f o r  a  p a i r  of P^yg p ro to n s  and th e  d i f f e r e n c e  
a lm o st com pensates f o r  t h e  s i n g l e  p a r t i c l e  e x c i t a t i o n .  The 
n e x t  e x c i t e d  s t a t e  may th e n  be form ed by r a i s i n g  a pgyg 
p ro to n  t o  t h e  p^yg s t a t e .  T h is  l e a v e s  (P g y g i^ tP iy g l^ tS g y g )^  
and th e  t h r e e  pgyg p ro to n s  can co u p le  i n  d i f f e r e n t  ways t o  
g iv e  a  r e s u l t a n t  s p in  I f  th e  i n t e r a c t i o n s  between th e  
p ro to n s  remove th e  d eg en eracy  o f  th e s e  s t a t e s  th e n  b o th  th e
1 .3  and 1 .6  MeY s t a t e s  may be a s s ig n e d  t o  th e  same c o n f ig u r a ­
t i o n  and th e  r e s u l t a n t  s p in  and p a r i t y  would p e rm it  
a l lo w ed  / ^ t r a n s i t i o n s  from  Mo^l*.
The 3 .8 5  MeY p o s i t r o n s ,  /3g, co n n ec t two s t a t e s  o f  s p in
and p a r i t y  i -  and th e  t r a n s i t i o n  i s  t h e r e f o r e  an  a l lo w ed  
2
o n e . I t s  lo g  f t  v a lu e  of  6 .3 ,  found i n  t h i s  e x p e r im e n t ,  i s  
t h e r e f o r e  r a t h e r  l a r g e .  I n  th e  t a b l e  of /3-decays o f  odd A 
n u c l e i  g iv e n  i n  S iegbahn  (1955) t h e r e  a r e  l i s t e d  f i f t y - t h r e e  
a l lo w e d  t r a n s i t i o n s  o f  v h ic h  o n ly  f o u r  have lo g  f t  v a lu e s  
o v e r  6 . 0 : how ever, o f  th e  f o u r ,  t h r e e  a r e  p o s i t r o n  decays 
i n  th e  same r e g io n  o f  th e  p e r io d i c  t a b l e  a s  Mo^^, and two 
of th e s e  t r a n s i t i o n s  a r e  betw een P iy g  i n i t i a l  and f i n a l  
s t a t e s .  I t  t h e r e f o r e  a p p e a rs  t h a t  some e f f e c t ,  a s  y e t  n o t  
u n d e r s to o d ,  may o p e ra te  i n  t h i s  s h e l l  t o  i n h i b i t  / 3 - t r a n s i t i o n s  
i n  w hich  a  P iyg  n e u t ro n  o r  p ro to n  t r a n s f o r m s  i n t o  a  p^yg 
p ro to n  o r  n e u t ro n  and th e  measurement o f  t h e  d ecay  c o n s ta n t s  
o f  o th e r  exam ples of th e s e  t r a n s i t i o n s  would be o f  p a r t i c u l a r  
i n t e r e s t .
By e s t a b l i s h i n g  th e  d e t a i l s  o f  t h e  decay scheme th e
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v a l i d i t y  o f  t h e  s h e l l  model d e s c r i p t i o n  of th e  n u c le u s  i n  
t h i s  r e g io n  o f  th e  p e r i o d i c  t a b l e  has  been f u r t h e r  c o n f irm ed . 
The t r a n s i t i o n  p r o b a b i l i t y  f o r  th e  M4 Y -rays from  th e  
i s o m e r ic  s t a t e  has  been shown t o  be i n  good agreem ent w i th  
th e  e x p e r im e n ta l  v a lu e s  f o r  o th e r  M4 t r a n s i t i o n s  and t o  ag re e  
w i th  th e  p r e s e n t  t h e o r y  a s  n e a r l y  a s  may be e x p e c te d  i n  v iew  
o f  th e  a p p ro x im a tio n s  used  in  i t s  d e r i v a t i o n .
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CHAPTSR V THE HSCAY 8 0 HEME OF
S e c t io n  5 .1  The N ucleus (Z = 53. N = 7 5 )
I n  s e c t i o n  2 . 2 ( i i )  th e  method of d e t e c t i n g  p h o to n e u tro n s  
by th e  a c t i v i t y  which t h e y  induced  in  a  N a l(T l)  c r y s t a l  was 
d e s c r ib e d .  The n e u t ro n s  c a p tu re d  in  th e  I^B? n u c le u s  
p roduced  r a d i o a c t i v e  I^^®. At th e  tim e o f  th e s e  ex p e r im en ts  
th e  d ec ay  scheme of I^B® had n o t  been  c l e a r l y  d e f in e d .  A 
more com ple te  know ledge, i t  was s e e n ,  m ight y i e l d  in fo rm a­
t i o n  abou t th e  i l 2 8  ground s t a t e  and t h e  low l y i n g  e x c i t e d  
s t a t e s  o f  th e  n e ig h b o u r in g  s t a b l e  i s o b a r s  Te^^® and Xe^^8 ^
The s p in s  and p a r i t i e s  o f  odd n u c l e i  can  th ro w  l i g h t  on th e  
mode of c o u p l in g  of s e v e r a l  p a r t i c l e s  o u t s id e  c lo s e d  s h e l l s .  
The known f i r s t  and second e x c i t e d  s t a t e s  o f  medium w eigh t 
even  n u c l e i  showed some rem ark ab ly  r e g u l a r  f e a t u r e s  ( S c h a r f f -  
G o ldhaber, 1955) which c o u ld  be i n t e r p r e t e d  i n  te rm s  of 
c o l l e c t i v e  o s c i l l a t i o n s  o f  th e  n u c l e a r  c o r e .  F u r th e r  
e x p e r im e n ta l  ev id en ce  t o  c o n f irm  o r  r e f u t e  th e  e m p i r i c a l  
t r e n d s  c o u ld  c o n t r i b u t e  to  th e  s t r e n g t h  o f  th e  t h e o r e t i c a l  
c o n c lu s io n s .
The s h e l l  model a s s ig n m e n ts  f o r  th e  odd p r o to n  and odd
12ftn e u t ro n  o f  53I  a r e  s u b je c t  t o  some d o u b t .  The th r e e
p ro to n s  o u t s id e  th e  c lo s e d  s h e l l  a t  2 = 50 m igh t be  ex p e c te d
127t o  occupy th e  g y /g  l e v e l  ( se e  f i g .  1 . 1 ) b u t I  h as  a
ground s t a t e  s p in  of  g  (Mack, 1950) s u g g e s t in g  t h a t  th e  
p ro to n  Sdgyg s t a t e  l i e s  j u s t  be low  t h e  Ig^yg l e v e l .  W ith 75
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n e u tro n s  th e  s u b - s h e l l ,  which c l o s e s  a t  N = 82 , must
be p a r t i a l l y  f u l l .  The l a r g e  p a i r i n g  en e rg y  i n  th e  ^ x i / 2  
s t a t e  p r e v e n ts  th e  o c c u rre n c e  o f  an y  ground s t a t e s  f o r
odd n e u t ro n  n u c l e i  i n  t h i s  r e g io n .  C o n s id e r in g  t h e  p a i r i n g  
en e rg y  and f i g .  1 . 1 . one m ight p r e d i c t  th e  c o n f i g u r a t i o n  
( 3S i / 2 ) ^ ( l h i i / 2 )^ and a ground s t a t e  s p in  and p a r i t y  of  
l i k e  Xe^2^ ,  one of th e  a d j a c e n t  i s o t o n e s  o f  b u t  T e l^ ?
which i s  th e  o th e r  n e ig h b o u r in g  i s o to n e  of  l l 2 8  a s s ig n e d  
a 1 +  ground s t a t e  because  o f  i t s  a l lo w ed  /3-decay t o  i l 2 7  
(Day, 1955 ). Thus th e  p ro b a b le  s t a t e s  a r e  e i t h e r  2dgyg o r  
3s i / 2 f o r  th e  odd n e u t ro n  and  Sd^yg o r  p o s s i b l y  Ig^yg  f o r  th e  
odd p ro to n .  The dgyg and d^yg co m b in a tio n  g i v e s ,  a c c o rd in g  
t o  Nordheim’ s s t r o n g  r u l e ,  t h e  d e f i n i t e  a s s ig n m e n t o f  1 +  t o  
th e  j lS B  ground s t a t e  but th e  o th e r  p o s s i b i l i t i e s  y i e l d  many 
p o s s ib le  v a lu e s  f o r  th e  r e s u l t a n t  s p in .
The >6-d e ca y  of o f  h a l f - l i f e  24 .99  m in u te s  (H u l l ,
1941) was shown t o  be complex (S ie g b ah n , 1946) and t o  have 
a  maximum en e rg y  of 2 .0 2  MeV. S iegbahn  a l s o  found  a y - ra y  
o f  0 .429 MeV bu t more r e c e n t  work (W apstra , 1953a) amended 
i t s  en e rgy  t o  0 .455  ± 0 .0 0 5  MeV and r e p o r t e d  a second  y - ra y  
a t  0 .9 8  MeV. The f r a c t i o n  o f  th e  1^28 decay  p ro c e e d in g  t o  
Te 128 by o r b i t a l  e l e c t r o n  c a p tu re  and ^‘‘’-d e c a y  was m easured 
r e l a t i v e  t o  th e  /T -d e c a y  by means of a  mass s p e c t r o m e t r ic
a n a l y s i s  o f  th e  decay  p ro d u c ts  (R eyno lds , 1 9 5 0 ) .  S o i n t i l l a -
t i o n  c o u n te r  s t u d i e s  showed t h a t  , so  t h a t  th e/d 1000
decay  t o  Te^B® must be e l e c t r o n  c a p tu r e ,  w hich  was con firm ed
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by m easurem ents of th e  accompanying Te X -ray s  (Mims, 1 9 5 1 ) .  
The same a u th o r s  showed t h a t  E -c a p tu r e  acc o u n te d  f o r  
6 .3  ± 0.7% of th e  d e c a y s .  A nother y - ra y  m easurem ent 
(G erm agno li, 1953) gave an  e n e rg y  o f  0 .439  MeV. Thus th e  
y -ray  sp ec tru m  and th e  decay  scheme r e q u i r e d  f u r t h e r  
c l a r i f i c a t i o n .
[N ote: The e x p e r im e n ts  d e s c r ib e d  below  were begun
d u r in g  J u l y ,  1955, and s t u d i e s  o f  th e  Y -ray  sp e c tru m , 
and y - y  c o in c id e n c e s  had d e te rm in e d  th e  decay  scheme p r i o r  
t o  r e c e i p t  o f  two p u b l i c a t i o n s  on t h e  same s u b j e c t  (B en cze r , 
1955 and 1956, and Gupta, 1 9 5 6 ) . The e x p e r im e n ts  t o  show 
t h a t  th e  0 .7 5  MeV y - ra y  was i n  c o in c id e n c e  w i th  th e  e l e c t r o n  
c a p tu r e  b ra n c h  were com ple ted  a f t e r  t h i s  d a t e .  However, th e  
p o s s i b i l i t y  o f  an u n re p o r te d  V -ray  in  t h a t  b ran ch  and th e  
c o n f i r m a t io n  o f  th e  p re v io u s  r e s u l t s  by a d i f f e r e n t  e x p e r i ­
m e n ta l  te c h n iq u e  was deemed ad eq u a te  j u s t i f i c a t i o n  f o r  
c o n t in u a t io n  o f  th e  work i n  p r o g re s s . ]
S e c t io n  5 .2  E x p e r im e n ta l
The i n v e s t i g a t i o n  of th e  decay scheme was c a r r i e d  ou t 
i n  f o u r  p a r t s :  ( i )  m easurem ents o f  th e  e n e r g i e s  and r e l a t i v e
i n t e n s i t i e s  o f  th e  V -ra y s ,  ( i i )  V-Y c o in c id e n c e  e x p e r im e n ts ,
( i i i )  m easurem ents o f  th e  maximum e n e r g i e s  of th e  >0" -  
components i n  c o in c id e n c e  w ith  t h r e e  o f  th e  V -rays and ( iv )  
a  c o in c id e n c e  ex perim en t t o  show t h a t  one of th e  y - r a y s  was 
i n  th e  e l e c t r o n  c a p tu r e  b ra n c h .
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(1) The V -ray spec trum
l l 2 8  produced by e x p o s in g  io d in e  t o  n e u t ro n s  from  
a s e t  o f  a n t im o n y -b e ry l l iu m  s o u r c e s .  The f i v e  s o u rc e s  were 
s i t u a t e d  n e a r  th e  c e n t r e  o f  a  ta n k  of w a te r  f o r  s h i e l d i n g  
p u rp o se s  and th e  io d in e  sam ples were p la c e d  n e a r  t h e i r  
g eo m e tr ic  c e n t r o i d .  The s o u rc e s  had  a combined an tim ony  
a c t i v i t y  of 2 c u r i e s .  The w a te r  a l s o  s e rv e d  a s  a  m o d e ra to r  
and in c r e a s e d  th e  number of n e u t ro n s  w i th  e n e r g i e s  in  th e  
range  from  2 t o  600 eV i n  w hich th e  s t r o n g  n e u t ro n  c a p tu re  
re so n a n c e s  of io d in e  o c c u r .
The v - ra y s  were d e t e c t e d  i n  a  2 ” lo n g  by I f ” d ia m e te r  
N a l(T l)  c r y s t a l  mounted on a  DuMont 6292 p h o t o m u l t i p l i e r  
and a f t e r  a m p l i f i c a t i o n  th e  r e s u l t a n t  p u l s e - h e i g h t  sp ec tru m  
was re c o rd e d  on a  1 0 0 -ch an n e l p u l s e - h e i g h t  a n a l y s e r .  An 
alum inium  a b s o rb e r  was p la c e d  between th e  c r y s t a l  and th e  
so u rc e  t o  p r e v e n t  th e  ^ “- p a r t i c l e s  from  e n t e r i n g  th e  
s c i n t i l l a t o r .  A se m i- lo g  p l o t  of a  t y p i c a l  sp ec tru m  i s  
shown i n  f i g .  5 .1 .  The e n e rg y  s c a l e  was c a l i b r a t e d  u s in g  
gg203^ Qgl37^ Q&22 ana. Zn^S s o u rc e s  w hich g iv e  Y -rays  o f  
en e rg y  0 .2 7 9 ,  0 .6 6 2 ,  0 .5 1  and 1 .2 7 6 ,  and 1 .1 1 4  MeY r e s p e c t i v e l y .  
The sp ec tru m  was a n a ly s e d  u s in g  e x p e r im e n ta l  s p e c t r a  f o r  
s i n g l e  v - ra y s  t o  d e te rm in e  th e  c o n t r i b u t i o n  o f  th e  compton 
d i s t r i b u t i o n  o f  e a ch  peak  t o  th e  lo w er  p a r t  o f  t h e  e n e rg y
sp e c tru m .
H aving th u s  found  th e  t o t a l  number o f c o u n ts  from  each  
o f  th e  v - ra y s  i t  was p o s s i b l e  t o  c o r r e c t  t h e o r e t i c a l l y  f o r  
th e  t o t a l  a b s o r p t io n  e f f i c i e n c y  o f  th e  c r y s t a l  a t  each
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en e rg y  and d e te rm in e  th e  r e l a t i v e  i n t e n s i t i e s  of th e  V -ray s ,  
The m easured  e n e rg ie s  and r e l a t i v e  i n t e n s i t i e s  o f  th e  V -rays 
a re  g iv e n  i n  t a b l e  V . l .
T ab le  V . l
T r a n s i t i o n
E nergy
(keV) I n t e n s i t y
440 ± 8 100
' z^ 540 ± 8 1 2 .2
^3 745 ± 9 2 .6 5
980 ± 10 5 .0
The a n a l y s i s  o f  th e  sp ec tru m  showed t h a t  t h e r e  was a 
l a r g e r  number of coun ts  in  th e  r e g io n  o f  640 keV th a n  co u ld  
be e x p la in e d  by th e  compton d i s t r i b u t i o n s  o f  th e  o th e r  v - ra y s  
b u t s e v e r a l  a t te m p ts  f a i l e d  t o  r e s o lv e  a  peak i n  t h i s  r e g io n .  
T h is  e v id e n c e ,  how ever, su g g e s te d  t h a t  a  s e a r c h  f o r  a  V-ray 
of 640 keV sh o u ld  be made u s in g  c o in c id e n c e  t e c h n iq u e s .
( i i )  V-V c o in c id e n c e s
I n  th e s e  e x p e r im e n ts  a so u rc e  p re p a re d  a s  d e s c r ib e d  
above was p la c e d  betw een two N a l(T l)  s c i n t i l l a t i o n  
s p e c t ro m e te r s  o f  th e  ty p e  d e s c r ib e d  ab o v e . The o u tp u t  o f  
one was a m p l i f i e d  and f e d  t o  a  s in g l e - c h a n n e l  p u l s e - h e ig h t  
a n a ly s e r  w i th  an  ac c e p ta n c e  ch a n n e l  which co u ld  be v a r i e d  
in  w id th  and e n e rg y .  I t s  o u tp u t  was u se d  t o  g a te  th e  100- 
ch a n n e l p u l s e - h e ig h t  a n a ly s e r  t o  which was f e d  th e  spec trum  
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The y - r a y  sp ec tru m  i n  c o i n c i d e n c e  w i t h  0 . 5 4  MeV y -ra y s
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S p e c t r a  were ta k e n  w i th  th e  s in g l e  c h a n n e l  s e t  t o  
a c c e p t  p u l s e s  from  each  o f  the  pho to p eak s  i n  t u r n .  Those 
o b ta in e d  w i th  th e  g a te  s e t  on th e  0 .4 4  MeV peak  and th e  
0 .5 4  MeV peak  a r e  shown i n  f i g s .  5 .2  and 5 .3 .  I n  th e  
fo rm er  some low en e rg y  p u l s e s  from  th e  0 .5 4  MeV peak  
o p e ra te  th e  g a te  and th e  c o in c id e n t  0 .4 4  MeV V -rays have 
a lm o st p re v e n te d  th e  r e s o l u t i o n  o f  th e  0 .5 4  MeV l i n e .  The 
l a t t e r ,  how ever, c l e a r l y  shows t h a t  th e  0 .5 4  MeV p u ls e s  a r e  
i n  c o in c id e n c e  w ith  0 .4 4  MeV p u l s e s .  No V -rays  were found  
i n  c o in c id e n c e  w ith  0 .9 8  MeV V -ray s .  The s t r o n g e s t  jlSB  
s o u rc e s  w hich cou ld  be o b ta in e d  were n o t s u f f i c i e n t l y  
i n t e n s e  t o  deny e m p h a t i c a l ly  th e  p o s s i b i l i t y  o f  %-rays i n  
c o in c id e n c e  w ith  t h e  0 .7 5  MeV l i n e .  An u p p e r  l i m i t  o f  
50^ o f  th e  i n t e n s i t y  o f  th e  0 .7 5  MeV l i n e  c o u ld  be p la c e d  
on such c o in c id e n c e s  i f  th e y  e x i s t e d .
( i i i )  /3*Y c o in c id e n c e s
The te c h n iq u e  of p ro d u c in g  j l S S  i n  & N a l(T l)  c r y s t a l  
was employed to  p ro v id e  **zero th i c k n e s s "  s o u rc e s  f o r  a  s tu d y  
o f  th e  low  e n e rg y  b ran ch es  o f  th e  /d"- d e c a y .  C r y s t a l s  were 
packed i n  alum inium  cans w ith  alum inium  oxide a s  d i f f u s e  
r e f l e c t o r  and t h i n  g l a s s  windows, 0 .0 3 5 "  t h i c k .  The n e u t ro n  
i r r a d i a t i o n  produced  no c o n fu s in g  a c t i v i t i e s  i n  th e  alum inium  
and th o se  from  such  t h i n  g l a s s  were of n e g l i g i b l e  i n t e n s i t y .  
C r y s t a l s  were i r r a d i a t e d  i n  th e  same p o s i t i o n  a s  th e  io d in e  
s o u r c e s .  I t  was found , how ever, t h a t  a  s t r o n g  phosphorescence  
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w ith  a  6 m inu te  h a l f - l i f e  b u t c o n ta in e d  a lo n g  l i v e d  non- 
e x p o n e n t ia l  decay  which re a c h e d  h a l f  i t s  o r i g i n a l  i n t e n s i t y  
i n  abou t 65 m in u te s .  These e f f e c t s  were th o u g h t  t o  be 
caused  by th e  s t r o n g  f l u x  of  V-rays from  th e  s o u rc e  and n o t 
by th e  n e u t r o n s .  They were s a t i s f a c t o r i l y  red u ce d  by 
su r ro u n d in g  th e  c r y s t a l  by a 1" th i c k n e s s  o f  l e a d .
The i r r a d i a t e d  c r y s t a l  was mounted on a  DuMont 6292 
p h o t o m u l t i p l i e r  and th e  sp e c tru m  from  i t  f e d  t o  th e  100- 
c h a n n e l  a n a l y s e r .  V -ray s  l e a v in g  th e  r a d i o a c t i v e  c r y s t a l  
were d e t e c t e d  in  th e  s c i n t i l l a t i o n  s p e c t ro m e te r  d e s c r ib e d  
above , th e  p u ls e s  from  w hich , a f t e r  s e l e c t i o n  by th e  
s in g l e - c h a n n e l  a n a l y s e r ,  were a g a in  u sed  t o  g a te  th e  100- 
o hanne l a n a l y s e r .  The r e s u l t a n t  spec trum  th u s  c o n ta in e d  
p u l s e s  from  / d - p a r t i c l e s  i n  c o in c id e n c e  w ith  v - r a y s .
The s p e c t r a  shown i n  f i g s .  5.4a and 54b were o b ta in e d  
w i th  t h e  window s e t  on th e  0 .9 8  MeV and 0 .5 4  MeV p h o to p eak s  
r e s p e c t i v e l y .  The g rap h s  shown a re  K urie  p l o t s  o f  th e  s p e c t r a  
a f t e r  a  c o r r e c t i o n  had been  a p p l i e d  f o r  th e  s m a l l  amount o f  
Na^^ form ed i n  th e  c r y s t a l  d u r in g  th e  n e u t ro n  i r r a d i a t i o n .
As i t s  decay  c o n ta in e d  V -rays some c o in c id e n c e  c o u n ts  
r e s u l t e d  from  i t .  But t h e  h a l f - l i f e  o f  Na^^, 15 h o u r s ,  i s  
lo n g  compared t o  t h a t  o f  so  i t s  c o in c id e n c e  sp ec tru m
was m easured a f t e r  th e  had decayed away, and was
s u b s e q u e n t ly  s u b t r a c t e d  from  th e  o b se rv e d  sp e c tru m .
The m easured end p o in t  e n e rg ie s  a r e  1 .1 3  ± 0 .0 3  MeV 
f o r  th e  fi' in  c o in c id e n c e  w i th  th e  0 .5 4  MeV V -rays and
w0.5 1.0 .5
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1 .2 0  ± 0 .0 5  M©V f o r  t h e  /3“ in  o o in o id en ee  w ith  th e  0 .9 8  MeY 
V -rays . The e s t im a te d  e r r o r  f o r  th e  l a t t e r  v a lu e  i s  l a r g e r  
because  o f  th e  low er  c o u n t in g  r a t e  a v a i l a b l e  owing t o  th e  
low i n t e n s i t y  of th e  0 .9 8  MeY V -ray .
The spec trum  i n  c o in c id e n c e  w i th  th e  0 .4 4  and 0 .5 4  MeY 
p h o topeaks  t o g e th e r  was found t o  be com plex. The h ig h e r  
en e rg y  component h as  an  end p o in t  en e rg y  of 1 .6 7  ± 0 .0 3 .  I t  
was assumed t o  have a l i n e a r  K urie  p l o t  and i t s  c o n t r i b u t i o n  
below 1 MeY was e s t im a te d  from  th e  e x t r a p o l a t e d  s t r a i g h t  
l i n e .  The rem a in in g  c o u n t s ,  a f t e r  s u b t r a c t i o n  g iv e  a 
s t r a i g h t  l i n e  K urie  p l o t  w i th  an  end p o in t  e n e rg y  o f  
1 .1 5  ± 0 .0 3  MoYÎ A l l  th e s e  r e s u l t s  a r e  c o n s i s t e n t  w i th  th e  
decay  scheme shown i n  f i g .  5 .7  which shows t h a t  t h e  0 .9 8 ,
0 .5 4  and 0 .4 4  MeY V -rays a l l  f o l lo w  ^ô'-emmision.
The p la c e  o f  th e  weak 0 .7 5  MeY v - r a y  i n  th e  d ecay  scheme 
was s t i l l  u n d e te rm in e d .  Owing t o  i t s  low i n t e n s i t y  and th e  
c o n fu s io n  cau sed  by low e n e rg y  p u l s e s  from  th e  0 .9 8  MeY 
V -ray s ,  th e  method d e s c r ib e d  above f o r  s tu d y in g  th e  s p e c t r a  
o f  /d“ - p a r t i c l e s  i n  c o in c id e n c e  w ith  t h e  o th e r  v - ra y s  was 
im p r a c t i c a b le .  An a t te m p t  was t h e r e f o r e  made t o  f i n d  o u t 
w hether  th e  0 .7 5  MeY Y -rays fo l lo w e d  - d e cay  o r  e l e c t r o n  
c a p t u r e .
The sp ec tru m  o f  V-rays from  th e  i r r a d i a t e d  c r y s t a l  was
obse rved  by f e e d in g  th e  o u tp u t  o f  th e  s c i n t i l l a t i o n  s p e c t r o ­
m e te r  t o  th e  1 0 0 -ch an n e l a n a ly s e r  and was compared t o  th e  
same spec trum  g a te d  i n  c o in c id e n c e  w i th  any p u ls e  above
^  See F ig .  5 .5 .
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c r v s t B l  ' i ;  ?qted in c o i n c i d e n c e  wi tb n u i s e s  in 
the  c r y s t a l  between 90 and 34 ' c i r c l e s  - and
. ^1} undated - c r o s s e s ' .
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0 .1  MeV in  t h e  r a d io a c t i v e  c r y s t a l .  The 0 .9 8 ,  0 .5 4  and 0 .4 4  
MeV / - r a y s  ap p e a re d  i n  th e  g a te d  sp e c tru m . However, th e  
0 .7 5  MeV / - r a y  ap p eared  i n  th e  u n g a te d  sp ec tru m  h u t  n o t i n  
th e  c o in c id e n c e  sp ec tru m . T h is  su g g e s te d  t h a t  t h e  0 .7 5  MeV 
V -ray  was n o t  in  th e  fiT b ra n c h ,  b u t a s  th e  p ea k  was s c a r c e l y  
r e s o lv e d  th e  ev id en ce  was i n c o n c lu s i v e .  F u r t h e r  e x p e r im e n ts  
were t h e r e f o r e  u n d e r ta k e n ,  t o  se e  i f  th e  0 .7 5  MeV V -ray  was 
in  c o in c id e n c e  w i th  Te X -rays  and t h e r e f o r e  i n  th e  e l e c t r o n  
c a p tu re  b ra n c h .
( iv )  X -ray  -  y - ra v  c o in c id e n c e s
I n  th e s e  e x p e r im e n ts  a N a l(T l)  c r y s t a l  was i r r a d i a t e d  
and th e  p u l s e s  from  th e  j lS S  decay  i n  i t  were fe d  t o  th e  
s in g l e -c h a n n e l  a n a ly s e r  s e t  t o  a c c e p t  20 t o  34 keV p u l s e s .  
The spec trum  o f  Y-rays e m i t te d  by th e  r a d i o a c t i v e  c r y s t a l  
was d e t e c t e d  by a 2” Nal s c i n t i l l a t i o n  s p e c t r o m e te r  and 
d is p la y e d  on th e  1 0 0 -ch an n e l a n a l y s e r .  The sp e c tru m  was 
g a te d  by the  o u tp u t  o f  t h e  s in g l e - c h a n n e l  a n a l y s e r .
The p u l s e s  a c c e p te d  by th e  s i n g l e - c h a n n e l  a n a ly s e r  were 
th o s e  due t o  ( i )  low en e rg y  ^“ - p a r t i c l e s ,  ( i i )  Te X -ra y s  of  
27 keV f o l lo w in g  e l e c t r o n  c a p tu r e  i n  Thus th e
c o in c id e n c e  spec trum  w i l l  c o n ta in  Y -rays in  c o in c id e n c e  w ith  
^ - p a r t i c l e s  and X -rays  but th e  r a t i o  o f  th e  l a t t e r  t o  th e  
fo rm er  sh o u ld  be enhanced r e l a t i v e  t o  th e  u n g a te d  sp e c tru m
a s  o n ly  a  sm a ll  f r a c t i o n  o f  th e  p u l s e s  a r e  a c c e p te d  by 
th e  s in g l e - c h a n n e l  a n a ly s e r .
F ig .  5 .6  shows th e  unga ted  sp ec tru m  and a c o in c id e n c e
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sp ec tru m  w ith  ro u g h ly  e q u a l  numbers o f  c o u n ts  i n  t h e i r  0 .4 4  
MeV p e a k s .  I t  i s  se en  t h a t  th e  0 .7 5  MeV peak  a p p e a r s  in  
th e  c o in c id e n c e  spec trum  and n o t in  th e  u n g a te d  o n e . Thus 
th e  0 .7 5  MeV l i n e  i s  shown to  be i n  c o in c id e n c e  w ith  X -ray s  
o f  ab o u t 27 keV e n e rg y .  The 47 keV V-ray from  RaD was used  
t o  c a l i b r a t e  th e  g a in  o f  th e  s in g l e - c h a n n e l  a n a l y s e r ,  b e fo re  
i r r a d i a t i o n  of  th e  c r y s t a l .
Many s i m i l a r  ru n s  were c a r r i e d  o u t t o  t r y  t o  d e c id e  
w h e th e r  t h e r e  was a l s o  a v e r y  weak v - r a y  a t  0 .6 3  MeV. I n  
most o f  them th e r e  i s  s l i g h t  ev id en ce  f o r  a  peak  a t  t h a t  
e n e rg y  b u t  i t  i s  i n c o n c lu s i v e .  As th e  g a in  o f  t h e  100- 
ch a n n e l  a n a ly s e r  v a r i e d  by 2 o r  3% from  day t o  day  i t  was 
im p o s s ib le  t o  add a l l  t h e s e  ru n s  d i r e c t l y  and th u s  o b ta in  
good s t a t i s t i c s  i n  t h a t  r e g io n .
I f  th e  t r a n s i t i o n  e x i s t s  and i s  i n  th e  e l e c t r o n  c a p tu re  
b ran ch  th e n  i t  i s  a Te^^® V -ray . Sb^^® i s  th o u g h t  t o  decay  
t o  Te^B® and i f  such  a  v - ra y  were found i n  i t s  decay  th e  
e n e rg y  o f  t h e  s t a t e  i n  Te^B® m ight be d e te rm in e d .  An 
a t te m p t  was t h e r e f o r e  made t o  s tu d y  th e  decay  o f  Sb^^®.
The i s o to p e  can be made by Te^^® (n,p)Sb^^®. I r r a d i a t i o n  
o f  n a t u r a l  t e l l u r i u m  w ith  14 MeV n e u t ro n s  p roduced  p r e ­
d o m in a n tly  th e  r a d i o a c t i v e  t e l l u r i u m  i s o t o p e s  by (n ,2 n )  
r e a c t i o n s .  I t  was t h e r e f o r e  n e c e s s a r y  t o  s e p a r a te  th e  Sb 
from  th e  Te a f t e r  i r r a d i a t i o n .
A chem ica l p ro ced u re  was ev o lv ed  by w hich th e  Sb cou ld  
be e x t r a c t e d  from 20 grams o f  sodium t e l l u r a t e  i n  abou t 10











> f' nr a d l o a c t f v e  d-'cav o f  '
100
m in u te s .  Samples o f  sodium t e l l u r a t e  were i r r a d i a t e d  w ith  
t h e  maximum f l u x  o f  14 MeV n e u t ro n s  a v a i l a b l e  and th e n  th e  
Sb was s e p a r a te d  a s  q u ic k ly  a s  p o s s i b l e .  Y -ray  s p e c t r a  
showed p rom inen t l i n e s  a t  0 .5 2 ,  0 .4 2 ,  0 .5 0 ,  0 .7 0  and 0 .77  
MeV a s s o c i a t e d  w ith  decay s  hav ing  h a l f - l i v e s  from  ab o u t  10 
t o  20 m in u te s .  A ttem pts  w ere made t o  f i n d  c o in c id e n c e s  
betw een th e  v a r io u s  t r a n s i t i o n s  b u t  w i th  th e  n e u t ro n  f l u x  
a v a i l a b l e  10^ n e u t ro n s /s e c o n d )  i t  was im p o s s ib le  t o  make 
s u f f i c i e n t l y  s t r o n g  so u rc e s  t o  d i s t i n g u i s h  t h e  s e v e r a l  
d e c a y s .  At l e a s t  f i v e  h a l f - l i v e s  betw een 7 and 40 m in u te s  
have been v a r i o u s l y  a s s ig n e d  to  Sb i s o t o p e s  betw een A = 126 
and A = 130. W ith c o n s id e r a b ly  s t r o n g e r  s o u rc e s  th e  
a p p l i c a t i o n  of c o in c id e n c e  te c h n iq u e s  and  th e  know ledge, 
from  o t h e r  e x p e r im e n ts ,  o f  th e  e n e rg y  l e v e l s  o f  t h e  
c o r re s p o n d in g  Te i s o b a r s  m ight p e rm it  a  more d e f i n i t e  
a ss ig n m e n t o f  th e s e  decay  schem es. However, no e v id e n c e  
was found  f o r  a  v - ra y  of  0 .6 3  MeV.
On t h e  b a s i s  of th e  e x p e r im e n ta l  r e s u l t s  a  decay  scheme 
can be drawn f o r  1^28 ^^^d i s  shown i n  f i g .  5 .7 .  S u p p lem e n ta l  
n o te s  on t h i s  d ecay  scheme f o l lo w ;
( i )  The f a c t  t h a t  Vg-Vi c o in c id e n c e s  were found shows 
t h a t  th e y  a r e  i n  c a s c a d e .
( i i )  The p re se n c e  of n e g a tro n s  of th e  same e n e r g i e s  i n
c o in c id e n c e  w i th  b o th  Vg and shows t h a t  th e  l a t t e r  i s  th e  
c r o s s o v e r  t r a n s i t i o n  from  th e  second  e x c i t e d  s t a t e  t o  th e  
ground s t a t e .
101
( i l l )  The 1 .67  MeV n e g a t r o n s  f e e d  th e  f i r s t  e x c i t e d  
s t a t e  and th u s  e x p l a in  th e  g r e a t e r  i n t e n s i t y  o f  th a n  Vg.
( iv )  The 0 .7 5  MeV Y -ray  i s  a s s ig n e d  t o  th e  e l e c t r o n  
c a p tu r e  b ran ch  because  of i t s  c o in c id e n c e  w i th  K X - ra y s .
(v) The en e rg y  o f  th e  ground s t a t e  t r a n s i t i o n ,  ydg, was 
e s t im a te d  from  th e  e n e rg y  o f  ydg + th e  e n e rg y  o f  Y^. An 
u n g a ted  sp e c tru m  o f  th e  p u l s e s  i n  a n  i r r a d i a t e d  c r y s t a l  
co n firm ed  t h i s  v a l u e .
The r a t i o  o f  th e  u n g a ted  c o u n t in g  r a t e  i n  th e  i r r a d i a t e d  
c r y s t a l  t o  th e  c o u n t in g  r a t e  in  c o in c id e n c e  w ith  0 .5 4  and 
0 .4 5  Y -rays , t o g e t h e r  w i th  th e  c a l c u l a t e d  e f f i c i e n c y  f o r  
d e t e c t i o n  of th e  Y -rays gave an e s t im a te  o f  th e  i n t e n s i t y  
of  th e  ground s t a t e  t r a n s i t i o n  r e l a t i v e  t o  th e  o th e r  two 
/S" b ra n c h e s  of
n 4
S e c t io n  5 .3  D is c u s s io n  of th e  Decay Scheme
From th e  e x p e r im e n ta l  r e s u l t s  and knowledge o f  some of 
th e  common p r o p e r t i e s  o f  n u c l e i ,  i t  i s  p o s s i b l e  t o  deduce 
many f e a t u r e s  of th e  en e rg y  l e v e l  schemes o f  t h e  i s o t o p e s  
in v o lv e d  i n  t h i s  r a d i o a c t i v e  d ecay .
A l l  known ground s t a t e s  o f  even n u c l e i  have s p i n  0 and
even  p a r i t y  and a l l  t h e  m easured  f i r s t  e x c i t e d  s t a t e s  i n  th e  
medium w eigh t r e g io n ,  N = £2 t o  H = 88 , have s p in  and p a r i t y  
The second  e x c i t e d  s t a t e s  w i th  a few e x c e p t io n s  have
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0+, 2+ o r  4+ (Way, 1 9 5 6 ) .  F o r  th e  second  e x c i t e d  s t a t e  o f
^]2e f i r s t  o f  th e s e  v a lu e s  i s  r u l e d  ou t by th e  e x i s t e n c e
of a  0 .9 8  MeV Y-ray w hich canno t co nnec t two 0+ s t a t e s .
N e i th e r  i s  an ass ignm en t of 4 f  p ro b a b le  b ecau se  th e  p r e d i c t e d
i n t e n s i t y  ( s in g le  p a r t i c l e  a p p ro x im a tio n )  o f  an  E 4 , 0 .9 8  MeV
Y -ray  i s  o n ly  0 .2 5  x 10"® o f  th e  i n t e n s i t y  of  th e  0 .5 4  MeV,
F2 t r a n s i t i o n  t o  th e  f i r s t  e x c i t e d  s t a t e .
The sequence o f  s p in s  and p a r i t i e s  0+, 2+, 2+ f o r  th e
f i r s t  t h r e e  s t a t e s  o f  Xe^28 iq c o n s i s t e n t  w i th  th e  o b se rv ed
p r o p e r t i e s  of medium w eigh t n u c l e i  which were summarized by
Way e t  a l .  (1 9 5 6 ) .  The o b se rv ed  r a t i o  o f  e x c i t a t i o n
e n e r g i e s  S â  = = 2 .2  and th e  p ro d u c t  o f  f i r s t
E l  0 ,4 4  MeV
e x c i t e d  s t a t e  en e rg y  t im e s  m ass number, ElA = 56 MeV, 
su p p o r t  th e  v iew  t h a t  Xe^^® i s  a  t y p i c a l  member o f  t h i s  
medium w eigh t g ro u p . S ince  n e i t h e r  N n o r  Z f o r  t h i s  n u c le u s  
i s  n e a r  a  magic number th e s e  e x c i t e d  s t a t e s  may be i n t e r p r e t e d  
a s  v i b r a t i o n a l  l e v e l s  w i th  some i n t e r a c t i o n  between th e  
c o l l e c t i v e  and in d ep en d en t p a r t i c l e  m otions  w hich  p e r tu r b s  
th e  e n e r g i e s  away from  th e  s im p le  r a t i o  o f  2 : 1 .  F u rthe rm ore  
th e  Y-ray i n t e n s i t i e s  s u p p o r t  t h i s  i n t e r p r e t a t i o n ;  th e  
c o n f l i c t  betw een th e  s in g le  p a r t i c l e  p r e d i c t i o n  f o r  th e  
i n t e n s i t y  r a t i o ,  Y^/vg 20 , and th e  o b se rv ed  v a lu e  
Y4 /Vg = 0 .4 ,  i s  r e s o lv e d  i f  th e  c r o s s o v e r  t r a n s i t i o n  i s
th o u g h t  t o  be i n h i b i t e d  by i t s  2 phonon n a tu r e  and Yg 
enhanced , o v e r  i t s  s i n g l e  p a r t i c l e  v a l u e ,  by th e  c o l l e c t i v e  
m otion  of th e  n u c le o n s .
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The /S-decay r e s u l t s  s u b s t a n t i a t e  th e  0+, 2+, 2+ sequence 
f o r  Xe^^®. The lo g  f t  v a lu e s  a l th o u g h  somewhat h ig h  a re  
more c o n s i s t e n t  w ith  a l lo w e d  t r a n s i t i o n s  th a n  f i r s t  f o rb id d e n  
ones: th e  l4- ass ignm en t f o r  th e  ground s t a t e  o f  1^28 which 
was shown i n  s e c t i o n  5 .1  t o  be t h e  most p ro b a b le  would g ive  
a llow ed  >8-d e ca y  to  th e  t h r e e  s t a t e s  o f  Xe^®®. These v a lu e s  
f o r  th e  s p in s  and p a r i t i e s  o f  the ground s t a t e  o f  1^28 
th e  f i r s t  t h r e e  s t a t e s  o f  Xe^^® a r e  th u s  shown t o  be c o n s i s ­
t e n t  w i th  c u r r e n t  u n d e r s ta n d in g  o f  th e  n u c le u s  and most 
p ro b ab le  in  th e  l i g h t  o f  th e  e x p e r im e n ta l  r e s u l t s .  There i s  
some ev id en ce  o f  v i b r a t i o n a l  e x c i t a t i o n s  i n  Xe^28 ^j^d th e  
e m p i r i c a l  t r e n d s  n o ted  by Way e t  a l .  (1956) a re  f u r t h e r  
s u b s t a n t i a t e d .
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CONCLUSIONS
The e x p e r im e n ts  d e s c r ib e d  i n  t h i s  t h e s i s ,  l i k e  most 
con tem porary  ex p e r im en ts  i n  n u c l e a r  p h y s ic s ,  do n o t  s u g g e s t  
a  new n u c le a r  model o r  even  p ro v id e  an  u n iq u e  c r i t i c a l  t e s t  
o f  a  c u r r e n t  th e o r y .  The r e s u l t s  o b ta in e d  d o , how ever, 
c o n t r ib u t e  t o  th e  body o f  knowledge of n u c l e a r  p r o p e r t i e s  
which i s  th e  b a s i s  o f  a l l  th e  s u c c e s s f u l  models o f  th e  
n u c le u s .  E ach  of th e  e x p e r im en ts  c o n t r i b u t e s  c o n f i r m a t io n  
o r  c r i t i c i s m  o f  a  p a r t  of th e  a c c e p te d  th e o r y  and some o f  
them p o in t  th e  way t o  f u r t h e r  i n v e s t i g a t i o n s  w hich  m ight 
e x te n d  o u r  u n d e r s ta n d in g  of th e  n u c le u s .
The work d e s c r ib e d  i n  C h ap te r  I I  on th e  r e l a t i v e  y i e l d s  
o f  th e  ground and iso m e r ic  s t a t e s  o f  Pb^O? p roduced  by a 
p h o to n e u tro n  r e a c t i o n ,  e x ten d ed  a ty p e  o f  i n v e s t i g a t i o n ,  
i n i t i a t e d  by o t h e r s ,  t o  a heavy  e lem ent in  which th e  s p in  
d i f f e r e n c e  between th e  iso m e r ic  and ground s t a t e s  was much 
l a r g e r  th a n  i n  th o s e  p r e v io u s l y  s t u d i e d .  The d i s c u s s i o n  i n  
s e c t i o n  2 .4  showed t h a t  th e  l a r g e  s p in  change in v o lv e d  i n  
th e  p ro d u c t io n  of t h e  iso m e r ic  s t a t e  l e a d s  t o  th e  i n t e r e s t i n g  
c o n c lu s io n  t h a t  th e  r e s u l t s  co u ld  be much more e a s i l y  u n d e r ­
s to o d  i n  te rm s  o f  W ilk inson*s  t h e o r y  o f  p h o to n u c le a r  r e a c t i o n s  
th a n  i n  te rm s  o f  s t a t i s t i c a l  e m is s io n  of a n e u t ro n  from  a 
compound n u c le u s .  A s tu d y  of th e  y i e l d s  o f  ground and 
iso m e r ic  s t a t e s  o f  I n ^ l ?  fo l lo w in g  th e  p h o to p ro to n  r e a c t i o n  
i n  8 n l l8  m igh t y i e l d  even  more c o n c lu s iv e  r e s u l t s  a s  in  t h i s  
case  th e  s t a t i s t i c a l  e m is s io n  of p r o to n s  would be v e ry
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s t r o n g l y  i n h i b i t e d  by th e  coulomb b a r r i e r .  W ith  a  v e ry  h ig h  
i n t e n s i t y  b re m ss tra h lu n g  beam th e  ex p e r im en t m igh t be 
p o s s i b l e  w i th  abou t 1 gm o f  s e p a r a te d  Sn^lG; such  a  q u a n t i t y  
i s  c u r r e n t l y  a v a i l a b l e  from  A .E .R .E . ,  H a rw e l l .
The n e g a t iv e  r e s u l t  o b ta in e d  i n  th e  s e a r c h  f o r  an 
iso m e r ic  s t a t e  o f  Mn^^ s t r o n g l y  s u g g e s ts  t h a t  th e  r e p o r t e d  
r a d i o a c t i v i t y  was due t o  some o th e r  i s o t o p e .  T h is  c o n c lu s io n  
removes th e  d i f f i c u l t y  o f  u n d e r s ta n d in g  th e  decay  o f  th e  
isom er i n  th e  l i g h t  of th e  a v a i l a b l e  in f o rm a t io n  a b o u t Mn®^ 
and i t s  n e ig h b o u r in g  i s o b a r s  and th e  d i f f i c u l t y  o f  e x p la in in g  
why such an  iso m e r ic  s t a t e  sh o u ld  be e a s i l y  p ro d u ced  by 
( n ,p )  and (d ,£ p )  r e a c t i o n s  b u t n o t  by a  p h o to n e u tro n  r e a c t i o n
The c l a r i f i c a t i o n  o f  th e  decay  scheme o f  Mo^^ added 
f u r t h e r  c o n f i rm a t io n  o f  th e  s i m i l a r i t y  o f  t h e  n u c l e a r  m a t r i x  
e lem e n ts  f o r  a l l  th e  known M4 iso m e r ic  t r a n s i t i o n s .  I t  a l s o  
d em o n s tra te d  a g a in  th e  r e l i a b i l i t y  o f  s h e l l  model p r e d i c t i o n s  
f o r  n u c l e i  n e a r  c lo s e d  s h e l l s .  F i n a l l y  i t  r e v e a le d  a t h i r d  
example o f  an  a llow ed  / i - t r a n s i t i o n  between two s t a t e s  o f  
s p in  and p a r i t y  i - ,  which has  a r a t h e r  l a r g e  lo g  f t  v a l u e .
A s i m i l a r  t r a n s i t i o n  has been found  in  th e  decay  o f  Nb®^* 
(Diamond, 1954) bu t i t s  e n e rg y  h a s  n o t  been s u f f i c i e n t l y  
w e l l  m easured t o  a l lo w  c a l c u l a t i o n  o f  i t s  lo g  f t  v a l u e .
Such a  measurement would be of c o n s id e r a b le  i n t e r e s t  t o
c o n f irm  o r  deny t h i s  a p p a r e n t ly  common f e a t u r e  of t h e s e  
p a r t i c u l a r  t r a n s i t i o n s .
The s tu d y  of th e  j lS S  decay  scheme y ie ld e d  in f o rm a t io n
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ab o u t two e x c i t e d  s t a t e s  o f  Xel28 which su g g e s te d  t h a t  th e y  
co u ld  be b e t t e r  d e s c r ib e d  i n  te rm s  of c o l l e c t i v e  n u c l e a r  
v i b r a t i o n s  th a n  s in g le  p a r t i c l e  m o t io n s .  The s i m i l a r i t y  of 
th e  p r o p e r t i e s  o f  t h i s  n u c le u s  t o  o th e r  even  n u c l e i  i n  th e  
same g e n e r a l  r e g io n  of th e  p e r io d ic  t a b l e  i s  c o n f i rm a t io n  
o f  th e  im p o rtan ce  o f  c o l l e c t i v e  m o t io n s .
E ach  o f  th e  e x p e r im en ts  th e n  made some c o n t r i b u t i o n  t o  
th e  e x t e n s io n  o f  our u n d e r s ta n d in g  of th e  a to m ic  n u c le u s .
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